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FOREWORD

T h e  o r i g i n a l th ree-year  program, e n t i t l e d  “ O i l - I c e  S e d i m e n t  I n t e r a c -

t i o n s during Freezeup and Breakup,” was envisioned and designed to examine the

i n t e r a c t i o n s  o f o i l , i ce  and suspended par t icu la te  mater ia l ,  w i th  a  major  em-

phas is  on how the dynamics  o f  d i f fe rent  types o f  g rowing (and ex is t ing)  sea ice

i n a r c t i c and subarc t ic  waters  may in f luence sed iment  t ranspor t  as  suspended

p a r t i c u l a t e m a t e r i a l  (SPM) a n d ,  t h e r e f o r e ,  oil/SPM  i n t e r a c t i o n s . T h i s

i n f o r m a t i o n was t h e n  t o  b e  u t i l i z e d  i n  d e v e l o p i n g  a  g e n e r i c ,  nonsite-specific

computer mode 1 t h a t  c o u l d  b e  u s e d  t o  p r e d i c t  oil/SPM  i n t e r a c t i o n s  i n  c o l d

mar ine w a t e r s , A s  a  r e s u l t , most o f  t h e  e f f o r t  d u r i n g  t h e  f i r s t  o n e  a n d

one-ha l f  years  o f  the  program was d i rec ted a t  s tudy ing frazil  and slush ice in-

te rac t ions  w i th  SPM. In  the  midd le  o f  the  second year  o f  th is  cont rac t ,  howev-

e r , the program scope was changed by NOAA and MMS to eliminate or postpone the

ice  fo rmat ion  dynamics  components  o f  the  s tudy  and focus  ent i re ly  on  exper imen-

t a t i o n t o  m e a s u r e the k ine t ics  o f  oil/SPM  i n t e r a c t i o n s  a n d  t h e  r a t e s  o f  S P M

( b o t h  o i l e d  a n d  u n o i l e d )  s e d i m e n t a t i o n in  suppor t  o f  the  computer  mode l ing

ef for ts  to  pred ic t  these phenomena.

T h e  i n t e r a c t i o n  k i n e t i c s  m e a s u r e m e n t s  a n d

completed t o  p r o v i d e data  to  va l ida te  and suppor t

sed imenta t ion  s tud ies  were

computer model development

and al low user-selected choices of SPM type, o i l  t y p e  ( f u e l  o i l  v e r s u s  f r e s h  o r

w e a t h e r e d  c r u d e  o i l ) , and sa l in i ty  cond i t ions  when runn ing the  computer  code to

p r e d i c t  e n v i r o n m e n t a l  i m p a c t s  f r o m  oil/SPM  i n t e r a c t i o n s  a n d  s e d i m e n t a t i o n .  T h e

computer codes d e v e l o p e d  d u r i n g t h i s  p r o j e c t  a r e  o n e - d i m e n s i o n a l ,  a n d  t h e y

p r e d i c t r e a c t i o n r a t e s o f o i l  d r o p l e t s and SPM, a s  c o n t r o l l e d  b y  t h e

a f o r e m e n t i o n e d  v a r i a b l e s . T h e y  a r e  p r i m a r i l y  u s e f u l  a s  s c o p i n g  t o o l s  f o r

e s t i m a t i n g  w h a t changes can be expected when the independent  var iab les  are

changed.

Earl ier MMS- and Department of Transportat ion (DOT)- sponsored studies

on oil  d r o p l e t  d i s p e r s i o n  a n d  o i l  droplet/SPM  i n t e r a c t i o n s  (Delvigne  e t  a l . ,

1987 ; Bowmeester and Wallace, 1986;  Payne e t  a l . , 1987b)  had not proceeded as

f a r  a n d successful ly as desired by early 1987, and the Oil/Ice/SPM  Program was

v i e w e d  a s the most  log ica l  way to  address  aspects  o f  the  phenomena for  wh ich
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data  were  s t i l l  incomple te  or  on ly  par t ly  unders tood,  Hence,  the  program scope

of work was changed, and the research focus was red i rec ted

f o l l o w i n g  r e p o r t ,

Because of the mid-course change in program scope,

as  descr ibed in  the

t h i s  r e p o r t  i s  s e g -

r e g a t e d  s u c h t h a t  t h e  r e s u l t s  f r o m  t h e  t w o  s t u d i e s  a r e  p r e s e n t e d  a s  d i s t i n c t

and independent components. The f i rs t ,  wh ich  inc ludes Sect ions  1  th rough 7  and

c o n s t i t u t e s the major i ty  o f  the  repor t ,  p resents  the  resu l ts  o f  computer  mode l

deve lopment  and the oil/SPM  in terac t ion  k ine t ics  and sed imenta t ion  measurements

completed s i n c e  O c t o b e r  1 9 8 7 , These sect ions are accompanied by a separate,

s t a n d - a l o n e  d o c u m e n t ,  w h i c h  c o n t a i n s the Computer Users Manual and computer

c o d e  (Kirstein  a n d  Clary,  1 9 8 9 ) . By vir tue of the change in program scope,

these sect ions  (1  th rough 7)  and the s tand-a lone Users  Manual  are  cons idered by

NOAA and MMS to  be  the  most  impor tan t . The second component of the report,

w h i c h  i s  c o n t a i n e d e n t i r e l y  in  S e c t i o n  8 ,  c o n s i d e r s  t h e  o r i g i n a l ,  b u t  o n l y

p a r t i a l l y  c o m p l e t e d , ice/SPM  dynamics  s tud ies  under taken dur ing  the  f i rs t  one

and one-ha l f  years  o f  the  program.

D u r i n g  t h e  i n t e r i m  b e t w e e n  t h e  p r e p a r a t i o n  o f  t h e  o r i g i n a l  D r a f t  F i n a l

Report for this program and the incorporat ion of NOAA/MMS review comments, the

EXXON VALDEZ o i l  sp i l l  occur red  in  Pr ince  Wi l l iam Sound,  A laska . The cont rac t

was t h e n  f u r t h e r  m o d i f i e d  t o  a l l o w  f i e l d  v a l i d a t i o n  o f  o i l  w e a t h e r i n g  a n d

oil/SPM  i n t e r a c t i o n s , and t h e  r e s u l t s o f  t h o s e  s t u d i e s a r e  c o n t a i n e d  i n

Append ix  B o f  th is  repor t .
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1,0 EXECUTIVE SUMMARY

1.1 PROGRAM OBJECTIVES AND RELEVANCE TO OCSEAP’S ANALYSIS OF OUTER
CONTINENTAL SHELF OIL A.ND GAS DEVELOPMENT ACTIVITIES

One of the goa ls of the NOAA Outer Continental Shelf  Environmental

A s s e s s m e n t  P r o g r a m  (OCSEAP) was to  deve lop pred ic t ive  capab i l i t ies  fo r  de f in ing

t h e  m a g n i t u d e of  po tent ia l  env i ronmenta l  impacts  f rom Outer  Cont inenta l  She l f

( O C S )  o i l  a n d  g a s  d e v e l o p m e n t  a c t i v i t i e s .  I n  s u p p o r t  o f  t h a t  g o a l ,  the  o b j e c -

t i v e of  th is  program and prev ious NOAA- and MMS-sponsored studies (e.g. , Payne

e t a l . , 1984a  and  1984b;  1987a and 1987b)  was there fore  to  deve lop pred ic t ive

m o d e l s  t h a t  c o u l d  d e s c r i b e  t h e  q u a l i t a t i v e  a n d  q u a n t i t a t i v e  c h e m i c a l  w e a t h e r i n g

and fate of crude o i l  and re f ined pet ro leum products  re leased to  the  mar ine

env i ronment . Outdoor  wave t a n k  s t u d i e s  o n  s u b a r c t i c  o i l  s p i l l s  i n  i c e - f r e e

waters and the development of the NOAA model for open-ocean oi l  weathering are

d e s c r i b e d  i n Payne et al.  ,  1984a. Modi f i ca t ions  to  the  exper imenta l  p rogram

and computer  code to  a l low deve lopment  o f  a  pred ic t ive  model  fo r  the  weather ing

of  o i l  in  the  presence o f  sea ice  are  cons idered in  Payne e t  a l .  ,  1987a.

In the development of these models, a  T r u e  B o i l i n g  P o i n t  (TBP)  d i s t i l -

l a t i o n cut  approach was used to  charac ter ize  the  o i ls ,  and as  such,  the  models

are a p p l i c a b l e  t o a  w i d e  v a r i e t y  o f  c r u d e  o i l  t y p e s  a n d  d i s t i l l a t e  p r o d u c t s .

Furthermore , w i t h t h i s  d i s t i l l a t e  c u t (or  pseudocomponent )  approach,  i t  i s

possible to get a more accura te  es t imate  o f  the  overa l l  mass ba lance o f  the

s l i c k ( i n c l u d i n g the nondistillable  r e s i d u u m ) . A t  t h e  t i m e  o f  t h e i r  d e v e l o p -

ment, however, ne i ther  o f  the  NOAA models  cons idered o i l  d rop le t  in te rac t ions

w i t h s u s p e n d e d  p a r t i c u l a t e m a t e r i a l  (SPM) a n d  s e d i m e n t a t i o n . T h e r e f o r e ,  r e -

qu i rements  fo r  measur ing  and model ing  those phenomena were  f i rs t  cons idered in

P a y n e  e t  a l . ,  1987b. That  p rogram prov ided fo r  the  successfu l  deve lopment  o f

a n  a n a l y t i c a l  t e c h n i q u e  s u i t a b l e  f o r  m e a s u r i n g  o i l  droplet/SPM  i n t e r a c t i o n  r a t e

constants . U n f o r t u n a t e l y , l i m i t e d  t i m e  a n d  r e s o u r c e s  p r e v e n t e d  a p p l i c a t i o n  o f

the  techn ique to  a  w ide var ie ty  o f  o i l  and SPM types. A s  a  r e s u l t ,  t h e  c u r r e n t

program was u l t i m a t e l y modi f ied  (as  d iscussed in  the  Foreword)  to  obta in  the

n e c e s s a r y  oil/SPM i n t e r a c t i o n  r a t e  c o n s t a n t  d a t a  a n d  a l l o w  f o r  t h e  c o m p l e t i o n

o f t h e mathemat ica l  der iva t ions  and mode l -deve lopment  ac t iv i t ies  necessary  to



p r o v i d e  c o m p u t e r - b a s e d  m a s s  t r a n s p o r t  c a l c u l a t i o n s  f o r  i n t e r a c t i n g  o i l  d r o p l e t s

and SPM.

S e c t i o n 2  o f  t h i s  r e p o r t  p r o v i d e s  a  b r i e f  o v e r v i e w  of  p r e v i o u s  f i e l d

and  l a b o r a t o r y  s t u d i e s  o f  oil/SPM  interactions,  and  it  Ser=s  =  a general

i n t r o d u c t i o n  t o t h e s t u d i e s  o f oil/SPM  in terac t ions  and model  deve lopment

c o n t a i n e d i n  S e c t i o n s  3 - 7 . S e c t i o n  3 . 0  c o n s i d e r s the computer code

development, and i t  p r o v i d e s  t h e  a s s u m p t i o n s ,  d e r i v a t i o n s ,  a n d  e q u a t i o n s  t h a t

have been incorpora ted in to  the  computer  mode l .  As  d iscussed in  Sect ion  3 ,  the

model i s  b a s e d  o n  e x p e r i m e n t a l  s t u d i e s  o f  oil/SPM  i n t e r a c t i o n s ,  a n d  v a r i o u s

u s e r - d e f i n e d  p a r a m e t e r s c a n  b e  a d j u s t e d  u s i n g  e x p e r i m e n t a l  d a t a  t o  s i m u l a t e

oil/SPM i n t e r a c t i o n s  w i t h  a v a r i e t y o f  SPM a n d  o i l  t y p e s . Thus , the model

d e v e l o p m e n t  w a s  c o m p l e t e d  i n  c o n c e r t  w i t h  f i e l d  sampling  and  laboratory

s t u d i e s , where in  data  f rom these exper iments  were  u l t imate ly  incorpora ted in to

t h e mode 1 code, used t o  v e r i f y  m o d e l i n g a s s u m p t i o n s ,  o r t a b u l a t e d  f o r

u s e r - s p e c i f i e d i n p u t  f o r  p a r t i c u l a r  s c e n a r i o s . The methods and materials used

f o r  S P M  s a m p l i n g a n d  c h a r a c t e r i z a t i o n  a r e  p r o v i d e d  i n  S e c t i o n  4 . 1 ;  w h o l e - o i l

droplet/SPM i n t e r a c t i o n s a r e  d e s c r i b e d  i n  S e c t i o n  4 . 2 ; s e t t l i n g  v e l o c i t y

d e t e r m i n a t i o n s  a r e  i n  S e c t i o n  4 . 3 , a n d  m o l e c u l a r - s c a l e  i n t e r a c t i o n s  a r e

c o n s i d e r e d  i n  4 . 4 . T h e  r e s u l t s a n d  d i s c u s s i o n  s e c t i o n  f o r  t h e  l a b o r a t o r y

e x p e r i m e n t s  i s o r g a n i z e d in  the same f a s h i o n  a n d  f o l l o w s  a s  S e c t i o n  5 . 0 .

S e c t i o n 6.0  s tands as  a  separa te  d iscuss ion o f  the  imp lementa t ion  o f  the  com-

p u t e r  m o d e l  u t i l i z i n g  t h e  i n f o r m a t i o n  a n d r e s u l t s  c o n t a i n e d  i n  S e c t i o n s  3

t h r o u g h  5 . I n  a d d i t i o n , i t  p rov ides  examples  o f  the  computer  mode l  ou tput ,  o r

r e s u l t s ,  t o a s s i s t t h e  u s e r  i n  d a t a  i n t e r p r e t a t i o n  a n d  u t i l i z a t i o n . S e c t i o n

7 . 0  p r e s e n t s t h e c o n c l u s i o n s d r a w n  f r o m  t h i s  s t u d y  a n d  i s  d i v i d e d  i n t o  t h e

three major  areas o f  focus; SPM/droplet  i n t e r a c t i o n s  ( 7 . 1 ) ,  s e t t l i n g  ( 7 . 2 ) ,  a n d

m o l e c u l a r a d s o r p t i o n  ( 7 . 3 ) . As  noted in  the  Foreword ,  Sect ion  8  is  r e s e r v e d

e n t i r e l y  f o r  oil/ice/SPM  s t u d i e s  c o m p l e t e d  d u r i n g  t h e  f i r s t  o n e  a n d  o n e - h a l f

years  o f  the  program before  the  exper imenta l  focus was re-d i rec ted to  e l im inate

t h e i c e s t u d i e s . Qual i ty  assurance and qua l i ty  cont ro l  (QA/QC)  c o n c e r n s  a n d

r e f e r e n c e s  f o r  b o t h  t h e  oil/SPM  a n d oil/ice/SPM  s t u d i e s  a r e  p r e s e n t e d  i n

S e c t i o n s  9 . 0  a n d  1 0 . 0 , r e s p e c t i v e l y . A p p e n d i x  A  p r e s e n t s  t h e  r e s u l t s  o f

s u b c o n t r a c t e d  m i n e r a l o g i c a l  d e t e r m i n a t i o n s  o n  t h e  d i f f e r e n t  S P M / s e d i m e n t  t y p e s

examined in  th is  p rogram, and Append ix  B conta ins  the  resu l ts  o f  o i l  weather ing
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and oil/SPM  f ie ld  va l ida t ion  s tud ies  us ing  the  EXXON VALDEZ inc ident  in  Pr ince

W i l l i a m  S o u n d  a s  a s p i l l o f  o p p o r t u n i t y . As requ i red by  the  cont rac t ,  the

Oil/SPM U s e r ’ s  M a n u a l  a n d Computer C o d e  a r e p u b l i s h e d  a s  a  s e p a r a t e ,

s tand-a lone document  (Kirstein  and Clary,  1989) .

1.2 MODEL DERIVATION AND CODE DEVELOPMENTflTILIZATION  (SECTIONS 3 AND 6)

The purpose of  the  model ing  work  d iscussed in  th is  repor t  was to  de-

v e l o p  a s c o p i n g  t e c h n i q u e  t o  e v a l u a t e  t h e  e f f e c t  o f  o i l / s u s p e n d e d  p a r t i c u l a t e

m a t e r i a l in terac t ions  as  a  remova l  p rocess fo r  o i l  d ispersed in  the  water  co l -

umn. The assumpt ions ,  der iva t ions , and equat ions requ i red for  deve lopment  o f

the computer code a r e  p r e s e n t e d  i n  S e c t i o n  3 , and Section 6 stands as a

s e p a r a t e  d i s c u s s i o n of  the  imp lementa t ion  o f  the  computer  mode l  u t i l i z ing  the

in format ion  and resu l ts  f rom labora tory  exper iments  descr ibed in  Sect ions  4  and

5. I n  a d d i t i o n , Section 6 provides examples of the computer model output to

a s s i s t t h e  u s e r i n  d a t a  i n t e r p r e t a t i o n  a n d  u t i l i z a t i o n . S p e c i f i c a l l y ,  m a s s

t r a n s p o r t c a l c u l a t i o n s f o r i n t e r a c t i n g o i l d r o p l e t s and SPM in a

one-d imens iona l w a t e r column a r e  p r e s e n t e d  t o  i l l u s t r a t e t h e  p r o c e d u r e s

n e c e s s a r y  t o implement the v a r i o u s m o d e l s  i n r e a l i s t i c env i ronmenta l

s i tua t ions  . A d d i t i o n a l i n s t r u c t i o n s  o n t h e implementat ion and use of the

computer models , i n c l u d i n g assumpt ions  and l im i ta t ions ,  a re  presented in  the

s tand-a lone User ’s  Manua l  (Kirstein  and Clary,  1989) .

T h e  b a s i s  f o r  t h e  m a t h e m a t i c a l  m o d e l  u s e d  i n  t h i s  r e p o r t  i s  t h e  r a t e

o f r e a c t i o n  o f o i l  d r o p l e t s  a n d  S P M , a n d  i t i s  p r o p o r t i o n a l  t o  t h e

c o n c e n t r a t i o n of  each. T h e  p r o p o r t i o n a l i t y  c o n s t a n t s  a r e  t h e  t u r b u l e n t  e n e r g y

d i s s i p a t i o n  r a t e , t h e  p a r t i c l e - p a r t i c l e  s t i c k i n g  c o e f f i c i e n t  a n d  g e o m e t r i c

f a c t o r s . Particle- p a r t i c l e k i n e t i c s  w a s o r i g i n a l l y  d e s c r i b e d  b y  M .

Smoluchowski (1916) ,  and more recent ly , Birkner  and Morgan (1968) presented an

exper imenta l Study s i m i l a r to the oil/SPM  p r g r a m . Thus , the model used, not

developed, f o r oil/SPM k i n e t i c s is  e s s e n t i a l l y  a  w e l l - k n o w n  g e n e r a l

p a r t i c l e - p a r t i c l e  k i n e t i c s  e x p r e s s i o n . The use of t h e  p a r t i c l e - p a r t i c l e

k i n e t i c s  e x p r e s s i o n  i n  a  v o l u m e  t h a t  i s  n o t  u n i f o r m  ( i . e . ,  t h e  o c e a n  i n s t e a d  o f

a wel l -mixed vesse l )  in  no  way a f fec ts  the  k ine t ics  express ion  used. However,

the one-d imens iona l models t h a t  i n c o r p o r a t e  t h e  oil/SPM  e x p r e s s i o n  a r e  q u i t e
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l i m i t e d  i n  t h a t t h e y are one-d imens iona l . The one-dimensional models are

u s e f u l on ly  fo r  the  purposes o f  es t imat ing  what  changes can be expected when

t h e independent v a r i a b l e s a re changed. I n  t h e  d e v e l o p m e n t  o f  t h e  m o d e l

code(s) , i t  was necessary  to  deve lop three separa te  cases: O i l  f l u x e d  f r o m  t h e

s u r f a c e in to  the  water  co lumn a lone,  SPM f luxed f rom the  bot tom in to  the  water

column alone , and oi l  and SPM each f luxed into the water column and al lowed to

i n t e r a c t  t o f o r m  a g g l o m e r a t e s  w h i c h  c a n then set t le  to  the  bot tom at  user

s p e c i f i e d  s e d i m e n t a t i o n  r a t e s .

In  order  to  use the  model  wh ich  descr ibes  in terac t ing  o i l  d rop le ts  and

SPM in  a  one-d imens iona l  water  co lumn tha t  i s  in i t ia l l y  o i l  f ree ,  a  source  te rm

f o r  b o t h  o i l  a n d  S P M  i s  r e q u i r e d . The source te rm for  the  oil  d rop le ts  can be

o b t a i n e d  f r o m  N O A A ’ s  O p e n  O c e a n Oil-Weathering Code (Payne, et al .  ,  1984a)

w h i c h  p r e d i c t s  t h e  r a t e  a t  w h i c h  o i l  d r o p l e t s  a r e  d i s p e r s e d  i n t o  t h e  w a t e r  c o l -

umn. Th is  o i l  d ispers ion  ra te  is  used as  a  boundary  cond i t ion  in  the  fo rm o f

a n  o i l  f l u x  a s  a  f u n c t i o n  o f  t i m e . S i n c e  t h e  o i l - w e a t h e r i n g  c o d e  o n l y  p r e d i c t s

t h e  f l u x  a n d  d o e s  n o t  p r o v i d e  a n  e q u a t i o n  f o r m , t h e  o i l  f l u x  i s  a c t u a l l y  u s e d

in  mathemat ica l  fo rm as  a  ser ies  o f  decay ing  exponent ia l . The one-dimensional

m o d e l s  p r e s e n t e d in  Sect ion  3  are  based on a  s ing le  exponent ia l  type boundary

c o n d i t i o n , and thus , t o  u s e  a  s e r i e s  o f  e x p o n e n t i a l ,  t h e  c a l c u l a t e d  r e s u l t s

for  each exponent ia l  a re  then added together .

In  the  deve lopment  o f  the  o i l  d rop le t  d ispers ion  model ,  the  coord inate

system used i s  o n e  d i m e n s i o n a l  i n  t h e  v e r t i c a l . The model describes the con-

c e n t r a t i o n p r o f i l e  f o r  t h e  o i l  d r o p l e t s  a n d  p r o v i d e s  b o u n d a r y  c o n d i t i o n s  f o r

f l u x  o f  o i l  f r o m  t h e  w a t e r  s u r f a c e  a n d  l o s s  a t  t h e  b o t t o m . The model consid-

ers : 1 )  the  mass o f  o i l  d ispersed in to  the  water  co lumn (per  un i t  a rea) ,  2 )

the mass o f  f r e e  o i l  d r o p l e t s  i n  t h e  p r o f i l e  ( p e r  u n i t  a r e a ) ,  3 )  t h e  m a s s  o f

o i l  l o s t  t h r o u g h  oil/SPM  i n t e r a c t i o n s  ( p e r  u n i t  a r e a ) , and 4)  the  o i l  mass los t

a t  the  bot tom (sedimented  and d i f fused out  o f  the  water  co lumn,  per  un i t  a rea)  .

The model which describes the SPM in the water column is based on an

SPM s o u r c e term at  the  lower  boundary . T h i s  S P M  s o u r c e  t e r m  i s  s e l f - l i m i t i n g

with respect to the  max imum SPM concent ra t ion  tha t  can be a t ta ined in  the  water

column. N e c e s s a r i l y , t h i s source term must be obtained from experience or
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o b s e r v a t i o n s  of sediment t r a n s p o r t . Thus , t h e  p a r t i c l e s  a r e  f l u x e d  f r o m  t h e

b o t t o m  a n d m a y  e i t h e r  a t t a c h  t o  o i l  d r o p l e t s  o r  r e t u r n  t o  t h e  b o t t o m . Aga in ,

the  c o o r d i n a t e  s y s t e m  isone  d imens iona l  in  the  ver t i ca l ,  and the  mode l  de f ines

concent ra t ion  pro f i les  th roughout  the  water  co lumn wi th  boundary  cond i t ions  fo r

f lux  o f  sed iment  f rom the bot tom and no par t ic le  loss  th rough the  sur face,  Pa-

rameters c o n s i d e r e d  i n  t h e  m o d e l  i n c l u d e  p a r t i c l e  s e t t l i n g  v e l o c i t y ,  t u r b u l e n t

d i f f u s i v i t y ,  a s e d i m e n t  f l u x  s o u r c e  t e r m  f r o m  t h e  b o t t o m ,  a n d  a  f i r s t - o r d e r

sediment d e p o s i t i o n  r e t u r n  r a t e  t o  t h e  b o t t o m . The SPM model calculates: 1)

the  mass o f  SPM f luxed in  f rom the  bot tom (per  un i t  a rea) ,  2 )  the  to ta l  mass o f

SPM in the water co lumn (per  un i t  a rea) , and 3) the mass of SPM lost due to

r e a c t i o n  w i t h  o i l  d r o p l e t s  ( p e r  u n i t  a r e a ) .

T h e  m o d e l  w h i c h  d e s c r i b e s  t h e  i n t e r a c t i o n  o f  o i l  d r o p l e t s  a n d  S P M  i s

f i r s t o rde r wi th  respect  to  each spec ies . T h e  r a t e  c o n s t a n t  i s  a  f u n c t i o n  o f

the t u r b u l e n t e n e r g y  d i s s i p a t i o n  r a t e  a n d  o t h e r  m u l t i p l i c a t i v e  l u m p e d

parameters . T h e s e  l u m p e d  p a r a m e t e r s  a r e  p a r t i c l e  s h a p e ,  p a r t i c l e  s i z e s  a n d

p a r t i c l e s t i c k i n g  c o e f f i c i e n t s . The reason lumped parameters are used is that

the “ e x a c t ” nature o f the v a r i a b l e s are not known, whi le  the  nature  o f  an

i d e a l i z e d s p h e r i c a l  p a r t i c l e is  known which  is  what  the  theory  is  based on.

T h i s in terac t ion  mode l  can be app l ied  to  a  we l l -mixed vo lume o f  water ,  such as

a  h o m o g e n e o u s  r e a c t i o n  v e s s e l ,  o r applied to a nonhomogeneous volume where

c o n c e n t r a t i o n s c h a n g e  a s a  f u n c t i o n  o f  p o s i t i o n . B o t h  o f  t h e s e  a p p l i c a t i o n s

are extremes o f m o r e  c l a s s i c a l  m a t h e m a t i c a l  d e s c r i p t i o n s  o f  s i m i l a r  m a t e r i a l

ba lances in  o ther  f ie lds  o f  sc ience and eng ineer ing .

Thus , the  o i l  d rop le t  and SPM model  cons iders  o i l  d rop le ts  be ing  d is -

persed i n t o the water  co lumn f rom the sur face and sed iment  be ing f luxed in to

the w a t e r column from the bottom. The o i l  d rop le ts  and SPM co l l ide  and s t i ck

t o  f o r m  S P M  a g g l o m e r a t e s a t  s p e c i f i c  r a t e  c o n s t a n t s  t h a t  a r e  e n t e r e d  b y  t h e

u s e r . As s h o w n  b y  t h e  m a t r i x  i n  T a b l e  1 - 1 , e x p e r i m e n t a l l y  d e t e r m i n e d  r a t e

c o n s t a n t s for  n ine  sed iment  or  SPM types w i th  a  var ie ty  o f  f resh and weathered

crude o i l s a n d  d i s t i l l a t e  p r o d u c t s ,  a s  w e l l  a s  s a l i n i t i e s ,  a r e  a v a i l a b l e  ( i n

Section 5) to the u s e r  f o r  u t i l i z a t i o n  i n  t h e  m o d e l .  W h e r e  t h e  r e s u l t s  o f

e x p e r i m e n t a t i o n w i t h these v a r i a b l e s i n d i c a t e d  a  c h a n g e  i n  i n t e r a c t i o n  r a t e

c o n s t a n t s , a d d i t i o n a l  i n v e s t i g a t i o n s  w e r e  u n d e r t a k e n  a s  d e s c r i b e d  i n  S e c t i o n  5.
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Experimental Variables

PARTICLE TYPE:

Table 1-1

Investigated for oil DropIet/SPM Interaetims  and Sedimentation

NATURAL PARTiCUIJITES:

Grewingk glacial till (<53 urn)
Yukon Delta sediment (e 53 urn)
Turnaqain  Arm SPtVI
Beaufort Sea sediment (<53 urn)
Beauforl  Sea Deat f< 53 urn),.
Peard Bay sediment (c53 urn)
Prudhoe Bay sediment (<53 urn)
Kotzebue  sediment ( c 53 urn)
Jakolof Bav sediment (c53 urn)

CONTROL PARTICUIATES:

Aluminum oxide c@t (10 urn)

DVB polyspheres (1 -20 urn)

NOTES:

OIL TYPE/SAL!NITY LEVEL:
unweathered PB crude: weathered PB crude: unweathered fuel oil:

sw/Fw !3w/Fvv sw/Fw
S w (1:1) FW Sw (1:1) Fw S w (1:1) Fw

e e o @ o @ o 0
@ al e @ e 43 0 0 0
0 1 0 0
0 0 0
0 0
0 0
0 0
0 0
0 0

0
0

0 = oil droplet/SPM interaction experiment
@ = oii droplet/SPM interaction and sedimentation experiments
PB crude = Prudhoe Bay crude oil
SW = seawater
F?/ = freshwater

SW/m (1:1 ) = 1:1 mix of seawater and freshwater
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When t h e exper imenta l r e s u l t s f rom the ex t remes o f  one var iab le  type (e .g . ,

fresh vs weathered oi l  or high Total Organic Carbon (TOC) vs low TOC loading on

t h e  S P M  t y p e s ) failed to show a c h a n g e  i n r a t e constants  (see be low) ,

a d d i t i o n a l exper imenta l a c t i v i t i e s w e r e  d i s c o n t i n u e d . I n  a d d i t i o n ,  i t  w a s

f o u n d  u s i n g t h e  e x t r e m e s  o f  SPM/sediment  t y p e s  w i t h  a l l  t h r e e  o i l s  t h a t  t h e r e

w e r e  n o  oil/SPM  i n t e r a c t i o n s  i n  f r e s h  w a t e r . T h e r e f o r e , as shown by Table 1-1,

i t  was not  necessary  to  comple te  a l l  poss ib le  exper imenta l  combinat ions  fo r  a l l

o i l  and SPM types a t  a l l  sa l in i t ies  in  o rder  to  comple te  the  mat r ix  and prov ide

t h e  n e c e s s a r y  d a t a  f o r  m o d e l  u t i l i z a t i o n .

T h e  c o o r d i n a t e s y s t e m  in  the  mode l  i s  aga in  one d imens iona l  in  the

v e r t i c a l , and t h e  m o d e l  d e f i n e s  c o n c e n t r a t i o n  p r o f i l e s  f o r  f r e e  o i l  d r o p l e t s ,

u n o i l e d suspended par t icu la te  mater ia l ,  and oil/SPM  a g g l o m e r a t e s . F o r  t h e  o i l

d r o p l e t s , parameters cons idered i n c l u d e  t h e  r i s e  o r  f a l l  v e l o c i t y ,  t u r b u l e n t

d i f f u s i v i t y , f l u x  o f  o i l  d r o p l e t s  f r o m  t h e  s u r f a c e ,  a  d e c a y  c o n s t a n t  f o r  t h e

f l u x  o f  o i l , and a  r a t e  c o n s t a n t  f o r  o i l  d r o p l e t  r e m o v a l  d u e  t o  i n t e r a c t i o n

w i t h s u s p e n d e d  p a r t i c u l a t e m a t e r i a l . The boundary condit ions for the SPM in

the w a t e r column i n c l u d e t h e  f l u x  o f  s e d i m e n t  f r o m  t h e  b o t t o m ,  a n d  t h e

parameters c o n s i d e r e d  i n c l u d e  p a r t i c l e  s e t t l i n g  v e l o c i t y ,  t u r b u l e n t  diffusivi-

ty , t h e  f l u x - s o u r c e term f rom the  bo t tom, a  f i r s t - o r d e r  s e d i m e n t  d e p o s i t i o n

rate , a n d  f i n a l l y ,  a  u s e r - s p e c i f i e d  r a t e constant  fo r  SPM remova l  due to

i n t e r a c t i o n  w i t h  f r e e  o i l  d r o p l e t s .

I n  c o m p l e t i n g t h e  m a t h e m a t i c a l  s o l u t i o n s  f o r  t h e  oil/SPM  i n t e r a c t i o n

model , i t  was not  poss ib le  to  ob ta in  an  ana ly t ica l  so lu t ion  because o f  the  SPM

and o i l  d r o p l e t  c o n c e n t r a t i o n  c r o s s  t e r m s . T h e r e f o r e , s o l u t i o n s  w e r e  o b t a i n e d

us ing a  Crank-Nicolson  f i n i t e - d i f f e r e n c e  n u m e r i c a l - i n t e g r a t i o n  a l g o r i t h m  a n d  a n

i t e r a t i o n  a t  e a c h  t i m e  s t e p  o n  t r i a l  v e c t o r s .

I n  c o n s i d e r i n g  t h e oil/SPM  a g g l o m e r a t e  p r o f i l e ,  t h e  f i n a l  b o u n d a r y

c o n d i t i o n s s t a t e t h a t when the oil/SPM  agg lomerate  reaches the  bot tom,  i t  i s

removed. The removal of oil/SPM  agglomerates at the bottom is a mathematical

s p e c i f i c a t i o n  o f t h i s  b o u n d a r y  c o n d i t i o n , C l e a r l y ,  o t h e r  s p e c i f i c a t i o n s  s u c h

a s  L a v a e s t u ’ s  ( d i s c u s s e d  b e l o w )  c o u l d  b e  u s e d ,  b u t ,  i n  o r d e r  t o  c a l c u l a t e  h o w

many oil-SPM  a g g l o m e r a t e s then re turn  to  the  water  co lumn,  a  t ime-dependent
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mode 1 c o u p l e d  t o a  w a t e r - c o l u m n  m o d e l  ( w i t h  t w o  c o u p l e d  p a r t i a l  d i f f e r e n t i a l

e q u a t i o n s ) w o u l d  b e r e q u i r e d . T h i s  w a s u l t i m a t e l y determined to  be too

compl ica ted , and it was dec ided to  use the techn ica l  approach presented for

r e a s o n s  o f  s i m p l i c i t y  a n d  i l l u s t r a t i o n .

Laevastu and Fukahara  (1985)  present  mathemat ica l  mode ls  to  ca lcu la te

o i l s e d i m e n t a t i o n ( o r  d e p o s i t i o n  o f  o i l )  a s  a  f u n c t i o n  o f  a n  i n s t a n t a n e o u s  o r

cont inuous source wi th  or  w i thout  a  thermocline  p r e s e n t ,  a n d  a l s o  a  m o d e l  t o

c a l c u l a t e the decay of oil on the bottom. The sedimentat ion models are

e s s e n t i a l l y compartmental m o d e l s  i n t h a t these models a r e n o t  b a s e d  o n

t r a n s p o r t t h r o u g h  t h e  w a t e r  c o l u m n  d u e  t o  d i s p e r s i o n  ( o r  t u r b u l e n t  d i f f u s i o n ) .

Compartment models are wel l  mixed throughout. T h e r e f o r e , th is  type o f  mode l  i s

n o t t h e same technical approach used in the oil-SPM  models where transport by

d i s p e r s i o n  i s  u s e d . A s  a  r e s u l t , i t  i s  n o t  p o s s i b l e  t o  u s e  t h e  s e d i m e n t a t i o n

i n f o r m a t i o n  p r e s e n t e d  b y  L a e v a s t u and Fukahara to  der ive  a  d ispers ion-based

model .

Laevastu  a n d  F u k a h a r a s p e c i f i c a l l y  p o s t u l a t e  a n a c c u m u l a t i o n  o f

s e d i m e n t e d  o i l  i n t h e  b o t t o m  nepheloid  l a y e r  w i t h  s u b s e q u e n t  d e c a y . Decay

s ign i f ies  the  oxidative  d e g r a d a t i o n  o f  a r o m a t i c  c o m p o u n d s ,  a s  well  as oi l  being

b u r i e d  i n t o  t h e  s e d i m e n t , and t h e “decay” f o r m u l a  i s  a n  e x p o n e n t i a l  w i t h

v a r i o u s  ( n e g a t i v e )  f a c t o r s .  T h u s , more than one process is  cons idered in  th is

model, and a l l  p rocesses are  essent ia l l y  lumped in to  one.

T h e  v a r i o u s  oil-SPM  models  can be (re)derived  with a bottom nepheloid

l a y e r ,  i . e . , a compartment between the water column and the bottom. However,

i t is likely  t h a t  a n a l y t i c a l  s o l u t i o n s  c o u l d  n o t  b e  o b t a i n e d  w i t h  a  r e a s o n a b l e

e x p e n d i t u r e  o f e f f o r t , and numerical methods would be required to solve them.

Since t h e i n f o r m a t i o n concern ing t h e  nepheloid  l a y e r  w i t h  r e s p e c t  t o  o i l

a c c u m u l a t i o n  i s somewhat sketchy , it  d i d  n o t  ( a n d  d o e s  n o t )  a p p e a r  t o  b e

w o r t h w h i l e c a r r y i n g  o u t  t h e  t r a n s p o r t  d e r i v a t i o n s  a n d  o b t a i n i n g  t h e  s u b s e q u e n t

s o l u t i o n s . W h i l e  m a t h e m a t i c a l l y  t h e  e f f o r t  will  y i e l d  “ c o r r e c t ”  e q u a t i o n s ,  t h e

p r e d i c t i o n s  w i t h  r e s p e c t  t o  p h y s i c a l  r e a l i t y  ( v e r i f i c a t i o n )  would  n o t  b e

advanced.
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Among o ther p a r a m e t e r s  c o n s i d e r e d  in the oil/SPM  model  deve loped in

the c u r r e n t program, the agg lomerate  se t t l ing  ve loc i ty  can be entered by  the

u s e r , and here again, a  number  o f  se t t l ing  ve loc i ty  exper iments  were  comple ted

w i t h  a  v a r i e t y  o f  oil/SPM  t y p e s  ( s e e  T a b l e  l - l ) . T h e r e f o r e , exper imenta l  da ta

presented i n  S e c t i o n 5 may again b e  u t i l i z e d  a s  i n p u t  t o  t h e  oil/SPM

i n t e r a c t i o n model . In  add i t ion ,  as  d iscussed above,  mode l  parameters  inc lude

t u r b u l e n t d i f f u s i v i t y  a n d  a u s e r - s p e c i f i e d  c o n s t a n t  f o r  t h e  r a t e  o f  oil/SPM

agglomerate  product  fo rmat ion .

For the oil/SPM  a g g l o m e r a t e s , mater ia l  ba lance equat ions  are  presented

f o r : 1) the mass of  agg lomerate  in  the  water  co lumn (per  un i t  a rea) ,  2 )  the

mass of  agg lomerate  produced by  the o i l  d rop le ts  and sed iment  (per  un i t  a rea) ,

and 3) the mass o f a g g l o m e r a t e  l o s t  a t  t h e  b o t t o m  ( p e r  u n i t  a r e a  p e r  u n i t

time) .

I n  c o n s i d e r i n g  t h e  c o l l i s i o n  f r e q u e n c y  f o r  d i l u t e  s u s p e n s i o n s  o f  p a r -

t i c l e s in a wel l-mixed volume, model  parameters  inc lude the  energy  d iss ipa t ion

p e r u n i t mass o f  f l u i d  p e r  u n i t  t i m e , t h e  k i n e m a t i c  v i s c o s i t y  o f  t h e  f l u i d ,

p a r t i c l e r a d i i , a n d  p a r t i c l e number  dens i t ies . S impl i f y ing  assumpt ions  and

c o n v e r s i o n s  o f n u m b e r  d e n s i t i e s to more commonly used concentrat ions (mg/L)

a l l o w t h e  d e v e l o p m e n t  o f  a w o r k i n g  e q u a t i o n  f o r  p r e d i c t i n g  t h e  l o s s  o f  o i l

d r o p l e t s  d u e  t o co l l i s ions  and adherence to  SPM par t ic les . T h i s  e q u a t i o n  i s

d e r i v e d in  Sect ion  3 .0  and uses exper imenta l  measurements  o f  in te rac t ion  ra te

c o n s t a n t s which can be entered by  the user  fo r  pred ic t ing  oil/SPM  i n t e r a c t i o n s

wi th  a  var ie ty  o f  o i l  and SPM types ,

The u l t imate  movement  o f  o i l  d rop le ts  in  the  water  co lumn is  e i ther  to

t h e s u r f a c e a s  b u o y a n t  d r o p l e t s  o r to the bottom as oil-SPM  a g g l o m e r a t e s .

Thus , t h e  i l l u s t r a t i v e  m o d e l s presented in Sections 3 and 6 are designed to

p r e d i c t  a n  o i l - f r e e w a t e r  c o l u m n  a t  large  t imes and prov ide  a  to ta l  mater ia l

b a l a n c e  f o r  t h e  o i l t o  p r e d i c t  t h e  t h e  m a s s  o f  o i l  t h a t  i s  d e p o s i t e d  in  t h e

bottom sediments.

In  eva luat ing  these models , i t  i s  i m p o r t a n t  t o  r e c o g n i z e  t h a t  t h e y  a r e

one dimensional. Thus , in  the  example  cases cons idered in  Sect ion  6 ,  there  are
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no achective o r  d i f f u s i v e  o i l - l o s s  m e c h a n i s m s , a n d  c a l c u l a t e d  o i l  c o n c e n t r a -

t i o n s a re much h igher  than those ever observed in the ocean. N e v e r t h e l e s s ,

t h e mode l ing a p p r o a c h  is ex t remely u s e f u l i n  p r o v i d i n g  a  “ w o r s t - c a s e ”

upper -bound es t imate  o f  sed iment -bound o i l  concent ra t ions ,  and the  ca lcu la t ions

p r o v i d e  a n  e s t i m a t e  o f  t h e t ime requ i red fo r  th ings  to  happen in  the  water

column. A l s o , t h e  s e n s i t i v i t y  o f  t h e  i n p u t  p a r a m e t e r s  c a n  b e  i n v e s t i g a t e d  t o

l e a r n  w h a t  i s o r  i s  n o t  i m p o r t a n t  w i t h  r e s p e c t  t o  a  s p e c i f i c  o b j e c t i v e . For

example, t h e  oil  d e p o s i t i o n  m e c h a n i s m s are the boundary  cond i t ions  a t  the

bot tom for the oi l  and the oil-SPM  a g g l o m e r a t e , a n d  t h e  r e l a t i v e  i m p o r t a n c e  o f

thes e t w o  p r o c e s s e s can be invest iga ted w i th  respect  to  the  parameters  wh ich

w i l l  a f f e c t t h e m  ( i . e . , o i l  r i s e  v e l o c i t y , oil-SPM  r e a c t i o n  r a t e  a n d  oil-SPM

s e t t l i n g  v e l o c i t y ) .

I t  shou ld  a lso  be noted that  these ca lcu la t ions  (codes)  are  not  usab le

by i n t e r f a c i n g them wi th  o ther  codes ( i .e .  , w i t h  a n  o c e a n  c i r c u l a t i o n  c o d e ) .

T h e  o n l y  p a r t  o f  t h e  c a l c u l a t i o n  w h i c h  i s  u s a b l e  i s  t h e  oil-SPM  r e a c t i o n  r a t e

which is of t h e  f o r m : aces . T h i s  r e a c t i o n  r a t e  i s  w r i t t e n  o n  a  per-unit-

v o l u m e  b a s i s , a n d  a n ( e x i s t i n g )  o c e a n - c i r c u l a t i o n  m o d e l  i n  t h r e e  d i m e n s i o n s

t h e n  m u s t i n t e g r a t e t h i s e x p r e s s i o n f o r  t h e  l o s s  o f  o i l ,  l o s s  o f  S P M ,  a n d

p r o d u c t i o n of oil-SPM  a g g l o m e r a t e s . Thus , t h e  r e l a t i v e l y  s i m p l e  r e a c t i o n  r a t e

e x p r e s s i o n i s  q u i t e  d i f f i c u l t  t o  u s e  i n  a n  e n v i r o n m e n t a l  s i t u a t i o n ,  i f  f o r  n o

o the r reason t h a n t h e env i ronmenta l s i t u a t i o n s  o f i n t e r e s t a re t h r e e

d imens iona l .

1.3 RESULTS OF OIL DROPLET/SPM INTERACTION RATE CONSTANT DETERMINATIONS,
SEDIMENTATION STUDIES AND MOLECULAR SCALE ADSORPTION MEASUREMENTS
(SECTIONS 4 AND 5)

1 . 3 . 1 Experimental Approach

T h e  a p p a r a t u s  a n d e x p e r i m e n t a l  p r o t o c o l  u s e d  t o  o b t a i n  k i n e t i c  r a t e

c o n s t a n t s for  in terac t ions  between d ispersed o i l  d rop le ts  and SPM in  the  water

column are s imi la r  to  those descr ibed in  Payne e t  a l .  ,  1987b. D e t a i l s  o f  t h e

e x p e r i m e n t a l  p r o t o c o l s a r e  d e s c r i b e d  i n  S e c t i o n s 4 . 2 . 1  t h r o u g h  4 . 2 . 7 .  T o

est imate  ra te  constants  fo r  in te rac t ions  between d ispersed o i l  d rop le ts  and SPM
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i n an experiment, number  dens i t ies  o f  “ f ree”  o i l  d rop le ts  were ,  de termined over

t i m e  d u r i n g  t h e  e x p e r i m e n t . D i f f e r e n c e s  i n  t h e  n a t u r a l  b u o y a n c y  o f  f r e e  o i l

droplets compared to oi led SPM agglomerates were used to separate the unreacted

o i l from oil-SPM  agglomerates and unreacted  SPM. N u m b e r  d e n s i t i e s  o f  f r e e  o i l

d r o p l e t s  w e r e then determined by  photomicroscopy  us ing  spec ia l l y  p repared mi -

croscope s l i d e s  f o r  e n u m e r a t i o n  o f  f r e e  o i l  d r o p l e t s . I n  a d d i t i o n  t o  t h e  pho-

tomicroscopy t e c h n i q u e s ,  d e t e r m i n a t i o n s  o f  t o t a l  S P M  l o a d s  ( i n  mg/L)  and to ta l

d i s p e r s e d  o i l  q u a n t i t i e s  ( i n  mg/L)  i n  r e a c t i o n  s o l u t i o n s  w e r e  a l s o  c o m p l e t e d  b y

more c o n v e n t i o n a l  gravimetric  t e c h n i q u e s a n d  f l a m e - i o n i z a t i o n - d e t e c t o r  g a s

chromatography,  respect ive ly ,

Experiments were performed with a number of variables to evaluate pos-

s i b l e  e f f e c t s  o f  t h o s e  v a r i a b l e s  o n  w h o l e  o i l  d r o p l e t  S P M  i n t e r a c t i o n  r a t e  c o n -

stants . T h e  m a j o r  v a r i a b l e s e v a l u a t e d in  the  exper iments  were suspended

p a r t i c u l a t e  m a t e r i a l  t y p e ,  o i l  t y p e ,  s a l i n i t y ,  a n d  t u r b u l e n c e .

1 . 3 . 2 Sed iment /SPM Charac ter iza t ion

I n  o r d e r  t o  e x a m i n e  t h e  e f f e c t s  o n  i n t e r a c t i o n  r a t e  c o n s t a n t s  a r i s i n g

f rom var ia t ions  in  SPM types , a total  of eight sediment and one SPM types were

co l lec ted and tes ted accord ing to  procedures  d iscussed in  Sect ion  4 , The e igh t

sediment types and one SPM type analyzed were considered to be representat ive

of a v a r i e t y  o f coasta l  A laskan waters . These sed iments  inc luded mater ia ls

c o l l e c t e d f r o m  T u r n a g a i n  A r m  (SPM), K a c h e m a k  B a y  (Grewingk  g lac ia l  t i l l ) ,

Jakolof  B a y , Prudhoe Bay, Kotzebue Sound, Peard Bay, Beaufort  Sea sediments,

B e a u f o r t  S e a  p e a t , and Yukon River Delta sediments. Both  sur face scrap ings o f

t h e  u p p e r m o s t 1 - 4  m m  o f  subtidal f ine-gra ined mater ia ls  and SPM co l lec ted

d i r e c t l y  b y  f i l t r a t i o n  f r o m  t h e  w a t e r  c o l u m n  w e r e  c o n s i d e r e d . The purpose of

c o l l e c t i n g t r u e s u s p e n d e d  p a r t i c u l a t e m a t e r i a l  f r o m  t h e  w a t e r column by

f i l t r a t i o n  w a s  t o  a l l o w compar ison w i th  o ther  sed imentary  samples  co l lec ted

from subtidal s o u r c e s  i n the o t h e r r e g i o n s c o n s i d e r e d . T h e  d e t a i l e d

c h a r a c t e r i z a t i o n  o f a l l sediment and SPM types, as well as measured oil/SPM

i n t e r a c t i o n r a t e c o n s t a n t s  w i t h  t h e  d i f f e r e n t  S P M  t y p e s ,  i l l u s t r a t e d  t h a t  t h e

c o l l e c t i o n m e t h o d  d i d  n o t s i g n i f i c a n t l y  a f f e c t r e s u l t s  i n t h e  oil/SPM
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i n t e r a c t i o n s t u d i e s . Each of the sediment/SPM  types l i s ted  above were charac-

t e r i z e d  f o r  t h e  f o l l o w i n g  c h e m i c a l  a n d  p h y s i c a l  p r o p e r t i e s : t o t a l  o r g a n i c  c a r -

bon, g r a i n  s i z e , h y d r o c a r b o n  c o n t e n t ,  m i n e r a l o g y ,  s o l i d s  d e n s i t y ,  a n d  p a r t i c l e

n u m b e r  d e n s i t y . These parameters  were  then used to  eva luate  s imi la r i t ies  and

d i f fe rences among the  SPM types and to  he lp  exp la in  exper imenta l  d i f fe rences in

oil/SPM  i n t e r a c t i o n  r a t e  c o n s t a n t s .

I n  a d d i t i o n to the natural sediment and SPM samples described above,

two c o m m e r c i a l l y  a v a i l a b l e  p a r t i c u l a t e  p h a s e s  w e r e  u s e d  i n  oil/SPM  i n t e r a c t i o n

r a t e  c o n s t a n t  s t u d i e s  f o r  c o n t r o l  p u r p o s e s .

ulate phases cons is ted  o f  a luminum ox ide

and p o l y s t y r e n e  divinylbenzene  spheres (1

als were u t i l i z e d  a s “ s t a n d a r d  m a t e r i a l s ”

c o n t r o l s  i n f u t u r e s t u d i e s shou ld  o ther

s t u d i e s  p r e s e n t e d  i n  t h i s  r e p o r t ,

The commerc ia l l y  ava i lab le  partic-

g r i t  ( a p p r o x i m a t e l y  10-pm  d i a m e t e r )

t o  20-pm  d i a m e t e r ) . These materi-

wh ich  cou ld  be ava i lab le  fo r  use as

i n v e s t i g a t o r s  w i s h  t o  r e p l i c a t e  t h e

1 . 3 . 3 Oil/SPM  Rate  Determinat ions

W h i l e  a l l  s e d i m e n t  p a r t i c l e s  w e r e  c 53 pm i n  d i a m e t e r ,  g r e a t  r a n g e s  i n

p a r t i c l e  s i z e s were observed both  among and wi th in  par t icu lar  sed iment  types.

T h e  g r e a t e s t n u m b e r  d e n s i t i e s  f o r  p a r t i c l e s  < 10 pm i n  d i a m e t e r  o c c u r r e d  i n

G r e w i n g k  g l a c i a l t i l l ,  a l t h o u g h  h i g h  n u m b e r  d e n s i t i e s  i n  t h i s  s i z e  c l a s s  w e r e

also present in the Beaufort Sea and Peard Bay sediment samples. W h i l e  p a r t i -

c l e s < 10 pm w e r e  p r e s e n t  i n  a l l  o f  t h e  s e d i m e n t  t y p e s ,  l a r g e r  p a r t i c l e s  a p -

p r o a c h i n g  5 0  pm in diameter were common in Yukon Delta sediment, Jakolof  Bay

sediment, Kotzebue sediment, Prudhoe Bay sediment, and Turnagain Arm SPM.

U t i l i z a t i o n  o f  d a t a  f o r  n u m b e r  d e n s i t i e s  a n d  g r a v i m e t r i c  l o a d s  (mg/L)

a l l o w e d  f o r  n u m b e r  d e n s i t i e s  o f  p a r t i c l e s  p e r  u n i t  m a s s  t o  b e  d e t e r m i n e d  f o r

each sediment t y p e . These data  are  presented in  Sect ion  5 .1  and a l low re la-

t i o n s h i p s between part ic le number density and sediment mass for each sediment

a n d  S P M  t y p e to  be obta ined. N o t  s u r p r i s i n g l y , G r e w i n g k  g l a c i a l  t i l l  s h o w e d

t h e  h i g h e s t  n u m b e r  d e n s i t y  o f  p a r t i c l e s  p e r  u n i t  d r y  w e i g h t ,  w h i l e  Y u k o n  D e l t a

sed iment  exh ib i ted  the  lowest ,
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R e s u l t s  o f T O C  a n a l y s e s  s h o w  r e l a t i v e l y  l i t t l e  v a r i a t i o n  i n  t h e  o n e

SPM and eight sediment types. The values range from a low of 2 mg/g dry weight

f o r  G r e w i n g k  g l a c i a l  t i l l to a high of 14.2 mg/g dry weight for Prudhoe Bay

sediment. T h e s e  l e v e l s  a r e  i n  a g r e e m e n t  w i t h  a  r e c e n t l y  p u b l i s h e d  s t a t i s t i c a l

r e v i e w  o f sur face sed iment  contaminant  leve ls  (Bronson,  1988)  fo r  48 sed iment

samples col lected from the Northern Bering Sea.

M u c h  g r e a t e r variat ions between sediment and 5PM types were observed

for  background hydrocarbon contents . Levels of background hydrocarbons ranged

f r o m  e x t r e m e l y l o w  c o n c e n t r a t i o n s f o r  Y u k o n  D e l t a  s e d i m e n t  (>  0.05 wg/g)  to

h i g h  c o n c e n t r a t i o n s  f o r  Jakolof  B a y  s e d i m e n t  ( 8 6 2  pg/g).  Mos t  of the chromato-

g r a p h i c  p r o f i l e s  s h o w a predominance o f  odd carbon n-alkanes  that are either

skewed towards heavier molecular-weight compounds ( i .e. ,  Prudhoe Bay, Beaufort

Sea, and  Kotzebue  sed iment  samples)  or  a re  more even ly  d is t r ibu ted th roughout

the i n t e r m e d i a t e m o l e c u l a r - w e i g h t range (Beaufor t  Sea peat ,  Jakolof  Bay, and

Peard Bay sediments and Turnagai.n  Arm 5 P M ) .

T h e  r e s u l t s o f  m i n e r a l o g i c a l  a n a l y s i s  d e m o n s t r a t e d  t h a t  a l p h a - q u a r t z

was t h e major c o n s t i t u e n t  i n a l l  o f  the  sed iment  and SPM types . Fe ldspar

a c c o u n t e d  f o r  i n t e r m e d i a t e  a m o u n t s i n  f i v e  o f  t h e  e i g h t  s a m p l e s  a n d  m i n o r

a m o u n t s  i n t h e remain ing t h r e e . T h e  f o l l o w i n g  m i n e r a l s  w e r e  a l s o  f o u n d :

kaolinite in  Beaufor t  Sea sed iment , c a l c i t e  i n  P r u d h o e  B a y  s e d i m e n t ,  c h l o r i t e

in Kotzebue  s e d i m e n t , and sanadine/microcline  in Yukon Delta sediment.

F r o m  t h e  s e d i m e n t c h a r a c t e r i z a t i o n  d a t a , i t  a p p e a r e d  t h a t  t h e  e i g h t

sediment and one SPM type se lec ted fo r  oil/SPM  in terac t ion  s tud ies  were  su f f i -

c i e n t l y v a r i e d  w h i l e  s t i l l  b e i n g  r e p r e s e n t a t i v e  o f  c o a s t a l  A l a s k a n  s e d i m e n t a r y

or SPM types. Because o f  the  t ime-consuming nature  and log is t ica l  p rob lems as-

soc ia ted  w i th  co l lec t ion  o f  la rge  vo lumes o f  na tura l  SPM,  most  o f  the  o i l  d rop-

l e t  5 P M  i n t e r a c t i o n exper iments  were  conducted w i th  s ieved,  na tura l  sed iment

types . However, i n  o r d e r  t o  e v a l u a t e  t h e  p o s s i b i l i t y  o f  a n  i n t r o d u c e d  b i a s

resu l t ing  f rom the use o f  s ieved sed iments  as  opposed to  the  t rue  natura l  5PM,

the t rue  SPM co l lec ted  f rom Turnaga in  Arm was used in  cer ta in  exper iments .  As

n o t e d above , the  resu l ts  o f  the  phys ica l  and chemica l  p roper ty  de terminat ions

i n d i c a t e d  t h a t  n o  i n h e r e n t  d i s p a r i t i e s  i n  p r o p e r t i e s  o c c u r r e d  b e t w e e n  T u r n a g a i n
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Arm SPM and the other sediment types. Consequent ly , comparisons of experimen-

t a l resu l ts  fo r  oil/SPM  i n t e r a c t i o n s  u s i n g  t h e  s i e v e d  n a t u r a l  s e d i m e n t s  v e r s u s

those for the one true SPM appear to be appropriate and val id.

T h e  m a j o r  o b j e c t i v e  o f  t h e l a b o r a t o r y  e x p e r i m e n t a l  e f f o r t s  w a s  t o

eva luate  in terac t ion  k ine t ics  between whole  o i l  d rop le ts  and suspended sed imen-

t a r y  m a t e r i a l s , s u c h  t h a t  t h e  l u m p e d  r e a c t i o n  c o e f f i c i e n t  a ( t h e  r a t e  c o n s t a n tc
f o r  r e m o v a l  o f  “ f r e e ” o i l  d rop le ts  due to  reac t ion  w i th  SPM par t ic les)  cou ld  be

determined. Ef fec ts  o f  d i f fe rences among a  numbkr  o f  p e r t i n e n t  e n v i r o n m e n t a l

v a r i a b l e s  ( s e d i m e n t  o r  S P M  t y p e ,  q u a n t i t y  a n d  t y p e  o f  o i l ,  s a l i n i t y  a n d

turbu lence leve l )  upon va lues o f  a c w e r e  i n v e s t i g a t e d .

T h e  r a t e c o n s t a n t  f o r  oil/SPM  in terac t ions  k  can be descr ibed by  the

e q u a t i o n :

k-
l/2~a  (c/u)

where S is  the  excess  SPM concent ra t ion  in  the  exper imenta l  reac t ion  so lu t ion .

c is  the  energy  d iss ipa ted per  un i t  mass o f  water  per  un i t  t ime. v i s  t h e  k i -

nemat ic v iscos i ty  o f  the  aqueous medium and a  is  the  “ lumped”  reac t ion  coef f i -

c ien t  tak ing  in to  account  no t  on ly  geomet r ic  fac tors  such as  heterogeneous s ize

d i s t r i b u t i o n s  o f  t h e o i l  d r o p l e t s  a n d  S P M  b u t  a l s o  t h e  “ s t i c k i n g ”  f a c t o r  b e -

tween o i l  d r o p l e t s  a n d  S P M . Excess  SPM re fers  to  the  s i tua t ion  where  o i l

d r o p l e t s a n d  S P M  a r e reac t ing  and the  dep le t ion  o f  SPM is  so  smal l  tha t  i t s

l o s s c a n  b e  n e g l e c t e d . Th is  can be i l lus t ra ted  where  the  SPM “count ”  i s  100

(or 10) times that of the oil droplets. When the reaction proceeds to

c o m p l e t i o n  t h e  S P M  c o u n t  w i l l  s t i l l  b e  e s s e n t i a l l y  1 0 0  ( r e a l l y  9 9 ) . S ince the

r e a c t i o n r a t e i s  p r o p o r t i o n a l  t o

SPM concentrat ion appears constant

D e t e r m i n a t i o n s  o f  v a l u e s

c o n c e n t r a t i o n s , the SPM is in excess and the

f o r  t h e “lumped” r e a c t i o n  c o e f f i c i e n t  a  w e r e

t h e  p r i m a r y  p u r p o s e of  the  labora tory  exper iments  summar ized in  th is  repor t .

Sect ion  5 .2 .2  presents  exper imenta l  da ta  der ived for  bo th  the  react ion  constant

k and the “lumped” r e a c t i o n  c o e f f i c i e n t  ( a )  f o r  a l l  e x p e r i m e n t s  c o n d u c t e d  i n

t h e  p r o g r a m . T h e  d a t a  i n d i c a t e  t h a t  l a r g e  d i f f e r e n c e s  i n  v a l u e s  f o r  k  d o  n o t



appear t o  b e  i n  e v i d e n c e e i ther  among or  w i th in  the  var ious  SPM types.  In

l i g h t o f  the  fac t  tha t  to ta l  o i l  load ings  in  exper iments  var ied  by  m o r e  t h a n  a

f a c t o r  o f  1 0 , t h e  r e l a t i v e l y  s m a l l  v a r i a t i o n s  i n  v a l u e s  f o r  k  i n d i c a t e  t h a t  t h e

t o t a l numb e r o f  o i l  d rop le ts  reac t ing  w i th  SPM in  a  par t i cu la r  exper iment  was

p r o p o r t i o n a l to  the  amount  o f  o i l  p resent . Whi le  these data  might  lead one to

conc lude t h a t  n o s u b s t a n t i a l d i f f e r e n c e s e x i s t among the o i l  d rop le t  SPM

i n t e r a c t i o n s  f o r  t h e various sediment and SPM types, i t  i s  i m p o r t a n t  t o  n o t e

that  the  in terac t ion  te rm in  the  a lgor i thms fo r  the  mode l  codes is  the  “ lumped”

r e a c t i o n c o e f f i c i e n t  a. When va lues fo r  a  are  cons idered,  d is t inc t ion  between

the various SPM types become ap p a r e n t  w i t h  o v e r a l l  v a l u e s  d i f f e r i n g b y  a  f a c t o r

o f  a l m o s t  4 0  ( i . e . , -0 .0075 cm3/g t o  - 0 . 2 9  Cl113/~).

In  an a t tempt  to  exp la in  these d i f fe rences,  mean va lues fo r  the  reac-

t ion  coef f i c ien ts  a  fo r  var ious  SPM types were  compared w i th  o ther  phys ica l  and

chemica l proper t ies  o f  the  S P M  i n c l u d i n g : d e n s i t y  p e r  u n i t  m a s s ,  t h e  f r a c t i o n

o f  t h e  t o t a l  s e d i m e n t  o c c u r r i n g  i n  t h e  O - 2  pm p a r t i c l e  s i z e  r a n g e ,  t o t a l  o r g a n -

i c carbon, s p e c i f i c  d e n s i t y , and to ta l  reso lved hydrocarbon content . R e s u l t s

o f t h e s t a t i s t i c a l  a n a l y s e s  i n d i c a t e d  t h a t  o f  t h e  f i v e  i n d e p e n d e n t  v a r i a b l e s ,

p a r t i c l e n u m b e r  d e n s i t y  p e r  u n i t  m a s s s h o w e d  t h e  h i g h e s t  c o r r e l a t i o n  ( r  -

0 . 9 0 2 )  w i t h  t h e  v a l u e s  f o r  t h e  r e a c t i o n  c o e f f i c i e n t  cr. A s l i g h t l y  l o w e r  degree

o f c o r r e l a t i o n  ( r -  0 . 7 9 8 )  e x i s t e d w i t h  t h e  v a l u e s  f o r  s e d i m e n t  f r a c t i o n s

c o m p r i s i n g  t h e  O - 2  pm p a r t i c l e - s i z e  r a n g e . The remain ing  th ree var iab les  (TOC,

s p e c i f i c  d e n s i t y , and to ta l  reso lved hydrocarbon content )  showed no s ign i f i cant

c o r r e l a t i o n s w i t h t h e r e a c t i o n c o e f f i c i e n t  a ( r -  0 .355,  0 .032,  and 0 .321,

respect ive ly )  .

Because the SPM types cons idered come f rom a  var ie ty  o f  loca t ions  in

A laska, it  s e e m s p l a u s i b l e  t o  s u g g e s t  t h a t  t h e  r e a c t i o n  c o e f f i c i e n t s  (a)  f o r

S P M  f r o m  o t h e r  l o c a t i o n s m i g h t  b e  e x t r a p o l a t e d  i f  a p p r o p r i a t e  i n f o r m a t i o n

p e r t a i n i n g t o  p a r t i c l e  n u m b e r  d e n s i t i e s  f o r  s p e c i f i c  SPM t y p e s  c a n  b e  o b t a i n e d

a s  d e s c r i b e d  i n  S e c t i o n  5 . 2 . 2 . 1  o f  t h i s  r e p o r t . T h i s  l a t t e r  i n f o r m a t i o n  c a n  b e

d e r i v e d b y  e i t h e r  d e t a i l e d  l i g h t  m i c r o s c o p y  o r  p o s s i b l y  b y  c o m p a r i n g  l i m i t e d

l i g h t mic roscop ic o b s e r v a t i o n s w i t h  d e t a i l e d  p a r t i c l e - s i z e  a n a l y s e s  b y  t h e

p ipet te  method.
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Four t y p e s  o f o i l were u s e d  i n the  exper iments : 1) unweathered

Prudhoe Bay crude oi l ; 2) 12-day weathered Prudhoe Bay crude oi l  from wave tank

s t u d i e s  ( s e e  P a y n e  e t  a l . ,  1 9 8 4 a ) ; 3 )  u n w e a t h e r e d  N o .  1 fuel oi l ;  and 4)

n a t u r a l l y weathered N o r t h  S l o p e  c r u d e oi l  spi l led from the R/T GLACIER BAY

grounding i n  C o o k  I n l e t  i n  1 9 8 7 . I n  a d d i t i o n  t o  t h e  d i f f e r e n t  t y p e s  o f  o i l ,

v a r y i n g q u a n t i t i e s  o f  a  g i v e n  o i l  t y p e  w e r e  a l s o  u s e d  i n  e x p e r i m e n t s  ( i . e . ,  t o

c h a n g e  t h e  oil/SPM  ra t io ) . O i l  c o n c e n t r a t i o n s  i n  e x p e r i m e n t a l  s o l u t i o n s  r a n g e d

from low to medium to high levels. For  f resh Prudhoe Bay c rude o i l ,  these low,

medium, and h igh leve ls  y ie lded concent ra t ions  of  4-8, 8-44, and 8 0 - 1 0 5  m g / L ,

r e s p e c t i v e l y . For 12-day weathered Prudhoe Bay crude oi l ,  the low, medium, and

h i g h  l e v e l s  y i e l d e d  c o n c e n t r a t i o n s  o f  1 4 - 2 6 ,  4 3 - 1 1 2 , a n d  2 4 0 - 3 1 0  mg/L,

r e s p e c t i v e l y . I n t e r a c t i o n s  b e t w e e n d i s p e r s e d  o i l  d r o p l e t s  a n d  S P M  w e r e

i n v e s t i g a t e d f o r  f o u r o i l  t y p e s , a n d  w i t h i n  t h e  s c a t t e r  i n h e r e n t  t o  t h e  d a t a

t h e r e d id  not  appear  to  be substant ia l  d i f fe rences between the va lues for  k  o f

t h e  f o u r  o i l  t y p e s  c o n s i d e r e d , i m p l y i n g  t h a t  o i l  d r o p l e t  S P M  i n t e r a c t i o n s  w e r e

e s s e n t i a l l y  i n d e p e n d e n t  o f  t h e  t y p e  o f  o i l  p r e s e n t .

Experiments w e r e  p e r f o r m e d  a t  t h r e e  g e n e r a l  s a l i n i t y  l e v e l s :  1 )

f u l l - s t r e n g t h  s e a w a t e r ; 2 )  1:1  m i x t u r e s of  seawater  and f reshwater ;  and 3)

f r e s h w a t e r . R e s u l t s  i n d i c a t e d  t h a t  s a l i n i t y  h a d  a  s t r o n g  c o n t r o l l i n g  i n f l u e n c e

on react ion  ra tes  fo r  d ispersed o i l  d rop le ts  and the sed iment  types cons idered.

S p e c i f i c a l l y , v e r y  l o w  r a t e s  o f  r e a c t i o n  ( i . e . , k values approaching O) were

o b s e r v e d  f o r  S P M  t y p e s  i n  f r e s h w a t e r , w h i l e  s u b s t a n t i a l l y  h i g h e r  r a t e s  w e r e

observed i n  b o t h  h a l f - s t r e n g t h  a n d  f u l l - s t r e n g t h  s e a w a t e r . Comparab le  e f fec ts

o f s a l i n i t y  o n a s s o c i a t i o n s o f  d i s p e r s e d o i ls  and fa t ty  ac ids  w i th  SPM or

mineral phases have been shown by other invest igators (e.g. ,  Bassin and Ichiye,

1977; Meyers and Quinn, 1973); however, t h e s e  e a r l i e r  i n v e s t i g a t i o n s  w e r e  d o n e

b y e q u i l i b r i u m s t u d i e s a n d  d i d  n o t i n v e s t i g a t e  t h e  r a t e  o:  oil/SPM

i n t e r a c t i o n s .

A l i m i t e d  n u m b e r  of exper iments were per formed a t  vary ing energy

d i s s i p a t i o n r a t e s  o r  t u r b u l e n c e  l e v e l s . T h e  e n e r g y  d i s s i p a t i o n  r a t e  t for al l

o f t h e experiments was es t imated f rom the  vo lume o f  the  reac t ion  vesse l ,  the

v a l u e for  the  k inemat ic  v iscos i ty  o f  the  aqueous medium,  and measurements  o f

t h e torque a n d  p r o p e l l e r  s h a f t rpms used in the experimental medium during
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experiments . For the oil droplet/SPM  in terac t ion  m o d e l  a n d  e x p e r i m e n t a l

approach to be valid, the  natura l  logar i thm o f  the  o i l  d rop le t  number  data  must

d e c l i n e  a s  a s t r a i g h t  l i n e  o v e r  t i m e  a n d  t h e  r a t e  c o n s t a n t  k d e s c r i b i n g  t h e

i n t e r a c t i o n  m u s t  v a r y  a s  t h e  s q u a r e  r o o t  o f  t h e  e n e r g y  d i s s i p a t i o n  r a t e  c .  Ex-

p e r i m e n t s  w e r e  p e r f o r m e d  t o  e v a l u a t e  this  re la t ionsh ip ,  and the  data  in  Sect ion

5 . 2 . 2 . 4  i n d i c a t e  t h a t  t h e e x p e c t e d  r e l a t i o n s h i p  b e t w e e n  t h e  e x p e r i m e n t a l l y

d e r i v e d  v a l u e s for  k  and c w a s  s a t i s f i e d  f o r  t h e  d i f f e r e n t  t u r b u l e n c e  l e v e l s

examined. Consequently, the  exper imenta l  va lues  conf i rmed the expected theo-

r e t i c a l r e l a t i o n s h i p s between t u r b u l e n c e and oil/SPM  i n t e r a c t i o n  r a t e  c o n -

s t a n t s , a l t h o u g h  t h e  d a t a  a v a i l a b l e  f o r  t h i s  c o m p a r i s o n  w e r e  l i m i t e d .

I n  a d d i t i o n  t o  t h e  oil/SPM  i n t e r a c t i o n  r a t e  d e t e r m i n a t i o n s ,  s o l u t i o n s

o f source mater ia ls  f rom each oil/SPM  in terac t ion  exper iment  were  used fo r  SPM

s e t t l i n g v e l o c i t y  ( o r  s e d i m e n t a t i o n )  e x p e r i m e n t s . By  u t i l i z ing  o i led  SPM f rom

t h e  oil/SPM  i n t e r a c t i o n  r a t e  s t u d i e s , r e l a t i v e l y  w e l l - d e f i n e d  prehistories  w e r e

a v a i l a b l e  f o r  t h e  o i l e d SPM part ic les (for example, types of SPM, types and

q u a n t i t i e s  o f  o i l , s a l i n i t y ,  a n d  t u r b u l e n c e  l e v e l s ) . I n  a d d i t i o n ,  t i m e - c o u r s e

c h a n g e s  i n the number densit ies and sizes of the SPM and oil/SPM  a g g l o m e r a t e s

were avai lable for the SPM phases used in the sedimentat ion experiments. V a r i -

ab les e v a l u a t e d  f o r  p o t e n t i a l  e f f e c t s  o n S P M  s e t t l i n g  v e l o c i t i e s  i n c l u d e d

s u s p e n d e d  p a r t i c u l a t e  m a t e r i a l  t y p e ,  o i l  t y p e  a n d  a m o u n t ,  a n d  s a l i n i t y . Exper-

iments were performed with two types of SPM -- G r e w i n g k  g l a c i a l  t i l l  a n d  Y u k o n

R i v e r  D e l t a  s e d i m e n t . These two sediment types encompass the extreme ranges

f o r  n o t o n l y  p a r t i c l e s i z e s b u t  a l s o  o i l  droplet/SPM  r e a c t i o n  c o e f f i c i e n t s

observed f o r  a l l  p a r t i c u l a t e  t y p e s  u s e d  i n  t h e  e x p e r i m e n t a l  p r o g r a m s . O i l e d

SPM for  se t t l ing  chamber  exper iments  were  der ived f rom parent  s t i r red  reac t ion

v e s s e l s t u d i e s t h a t used e i t h e r unweathered Prudhoe Bay crude o i l ,  12-day

weathered Prudhoe Bay crude o i l ,  o r  unweathered No.  1  fue l  oil. In  a d d i t i o n ,

v a r y i n g amounts o f  b l e n d e d  o i l  w e r e  u s e d  in  p a r e n t  s t i r r e d  r e a c t i o n  v e s s e l

experiments , such t h a t  S P M  f o r the sett l ing chamber studies used SPM with

v a r y i n g  d e g r e e s  o f  p r i o r  o i l i n g . S e t t l i n g chamber experiments were also

p e r f o r m e d  a t  t h r e e  s a l i n i t i e s : f u l l - s t r e n g t h  s e a w a t e r ,  h a l f - s t r e n g t h  s e a w a t e r ,

and f reshwater .
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S e c t i o n  5 . 3  p r e s e n t s  t h e  v a l u e s  f o r  S P M  s e t t l i n g  v e l o c i t i e s . S i g n i f i -

c a n t  d i f f e r e n c e s in  mean se t t l ing  ve loc i t ies  be tween the  two exper imenta l  SPM

types were observed. Grewingk  g l a c i a l  t i l l  w a s  c o m p r i s e d  a l m o s t  e x c l u s i v e l y  o f

p a r t i c l e s  < 10 pm in  d iameter , and < 25 % of the total SPM load by weight had

s e t t l e d  b e l o w  t h e  s p e c i f i e d  s a m p l i n g  d e p t h  i n  t h e  s e t t l i n g  c h a m b e r  a f t e r  1  h r .

I n  c o n t r a s t , > 90 % of the Yukon Delta sediment had sett led below the sampling

d e p t h  a f t e r  1 h r  d u e  t o  s e d i m e n t a t i o n  o f  l a r g e r  p a r t i c l e s  ( i . e . ,  a p p r o a c h i n g  5 0

pm i n  d i a m e t e r ) .

Because t h e  q u a n t i t y  o f o i l  tha t  became assoc ia ted  w i th  SPM in  the

s t i r r e d  r e a c t i o n  vesel  e x p e r i m e n t s  w a s  d i r e c t l y  r e l a t e d  t o  t h e  a m o u n t  o f  o i l  i n

the r e a c t i o n v e s s e l , SPM wi th  d i f fe r ing  amounts  o f  agg lomerated o i l  were  pro-

d u c e d  a n d s u b s e q u e n t l y  u s e d  i n var ious  se t t l ing  chamber  exper iments . Data

presented i n  S e c t i o n  5 . 3 . 2 . 2  c l e a r l y  i l l u s t r a t e  t h a t  i n c r e a s i n g  q u a n t i t i e s  of

o i l i n  p a r e n t s t i r r e d  r e a c t i o n  v e s s e l  e x p e r i m e n t s  u l t i m a t e l y  p r o d u c e d  h i g h e r

s e t t l i n g  v e l o c i t i e s  f o r  S P M  p a r t i c l e s  i n  f o l l o w - o n  s e t t l i n g  c h a m b e r  s t u d i e s .

F u l l - s t r e n g t h a n d  h a l f - s t r e n g t h  s e a w a t e r  p r o d u c e d  c e r t a i n  d e g r e e s  o f

f l o c c u l a t i o n in  the  smal le r  s ize  c lasses  o f  SPM,  lead ing  to  greater  sed imenta-

t i o n  o f  “ f l o c c u l a t e d ”  S P M  i n  s o l u t i o n s  w i t h  t h e s e  e l e v a t e d  s a l i n i t i e s .

I n  a d d i t i o n  t o  i n v e s t i g a t i n g  w h o l e - o i l  droplet/SPM  i n t e r a c t i o n s ,  S P M /

m o l e c u l a r sca le  in terac t ions  a lso  were  invest iga ted th rough the  deve lopment  o f

Freundlich  i s o t h e r m s  f o r  i n d i v i d u a l  d i s s o l v e d  a r o m a t i c  h y d r o c a r b o n  c o m p o n e n t s

a n d  m i x t u r e s  o f t h e more water -so lub le  hydrocarbon components  conta ined in

d i s t i l l a t i o n  c u t s  o f  P r u d h o e  B a y  c r u d e  o i l . T h e  d i s t i l l a t i o n  c u t  a p p r o a c h  w a s

u t i l i z e d  t o prov ide data  wh ich  wou ld  be usefu l  fo r  d isso lu t ion  and adsorp t ion

c o n s i d e r a t i o n s  f o r  i n d i v i d u a l  c o m p o n e n t s  c o n t a i n e d  in  i n d i v i d u a l  d i s t i l l a t i o n

c u t s of  Prudhoe Bay crude o i l  and re f ined pet ro leum products . &s d i s c u s s e d  i n

S e c t i o n 1 . 1 ,  t h e  d i s t i l l a t i o n  c u t  a p p r o a c h  i s  u s e d  f o r  c h a r a c t e r i z a t i o n  o f  a l l

o i l t ypes used in  the NOAA oi l  weathering computer model codes, and NOAA and

M.Ms personnel have e x p r e s s e d  a n i n t e r e s t  i n c h a r a c t e r i z i n g t h e

d i s s o l u t i o n / a d s o r p t i o n  b e h a v i o r  o f  “ d i s t i l l a t e  c u t s ” ( o r  m o r e a c c u r a t e l y

components w i t h i n e a c h  c u t )  t o  c o u p l e  d i s s o l u t i o n  b e h a v i o r / e v a p o r a t i o n  l o s s e s

c a l c u l a t e d  b y  t h e  m o d e l  f o r  e a c h  disillate  cu t  f rac t ion .
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B e c a u s e  o f  t h e  s h e e r  n u m b e r of compounds comprising crude oi l  and

r e f i n e d  d i s t i l l a t e  p r o d u c t s , the models developed by SAIC to date have taken a

“pseudocompound” approach. Th is  approach adopts  d is t i l la te  cu ts  as  manageab le

s u b s e t s  o f whole crude o i l . The f in i te  number  o f  water -so lub le  compounds

c o n t a i n e d  i n  a g iven cu t  can eas i ly  be  hand led in  an iso therm exper iment  and

y e t s t i l l  p r o v i d e d a t a t h a t  r e f l e c t s  t h e  c r u d e  o i l  s o u r c e . T h e r e f o r e ,  i s o -

therms w e r e  d e v e l o p e d  f o r  t h e  s o l u b l e  c o m p o u n d s  c o n t a i n e d  i n  f o u r  d i s t i l l a t e

c u t s o f  P r u d h o e  B a y c r u d e  o i l  u s i n g  Grewingk  g l a c i a l  t i l l  a n d  o n e  c u t  u s i n g

Turnagain Arm SPM and Yukon Delta sediment.

T h e  Freundlich  iso therm determinat ions  were  used to  determine upward

boundary cond i t ions  o f  molecu lar  sorp t ion  va lues fo r  each o f  the  compounds and

m i x t u r e s cons idered. I n  a d d i t i o n , the exper imenta l  p rocedure prov ided for  de-

t e r m i n a t i o n  o f p a r t i t i o n  c o e f f i c i e n t s , K p ( c o n c e n t r a t i o n  o n  SPM/concentration

i n s o l u t i o n ,  a t equ i l ib r ium)  . In  examin ing  the  resu l ts  o f  mo lecu lar  sca le

in terac t ions  w i th  SPM,  Sect ion  5 .4  presents  the  max imum adsorp t ion  capac i ty  fo r

a v a r i e t y  o f i n d i v i d u a l molecu lar species and SPM types. These adsorp t ion

c a p a c i t i e s a r e  d e t e r m i n e d  f o r  toluene, e t h y l b e n z e n e ,  m,p-xylene,  o - x y l e n e ,

ethylmethylbenzene , C3-benzene, and s e v e r a l  d i s t i l l a t e cuts of Prudhoe Bay

crude o i l . A range o f  adsorp t ion  capac i t ies  were  observed for  Turnaga in  Arm

SPM, Grewingk  g l a c i a l  t i l l , and Yukon Delta sediment, w i t h  m a r k e d l y  d i f f e r e n t

i s o t h e r m  p l o t s  b e i n g obta ined fo r  the  d i f fe rent  SPM types. Di f fe rences were

a t t r i b u t e d  t o p a r t i c l e - s i z e  d i f f e r e n c e s and the SPM organic carbon content.

The va lues  repor ted  represent  the  max imum capac i t ies  tha t  the  SPM cou ld  adsorb

u n d e r  e x p e r i m e n t a l l y  i d e a l  ( e n v i r o n m e n t a l l y  w o r s t - c a s e )  c o n d i t i o n s . C a p a c i t i e s

i n the marine env i ronment a r e  b o u n d  t o  b e  s u b s t a n t i a l l y  l o w e r  t h a n  t h o s e

r e p o r t e d b e c a u s e  o f  t h e e x c e e d i n g l y h i g h  d i s s o l v e d  p h a s e  c o n c e n t r a t i o n s

r e q u i r e d f o r  t h e experiments . Fur thermore , f rom an overa l l  mass ba lance

p e r s p e c t i v e ,  i t s h o u l d  b e  n o t e d  t h a t  m o l e c u l a r a d s o r p t i o n o f  d i s s o l v e d

c o m p o n e n t s  f r o m  s e a w a t e r is  no t  a  s ign i f i cant  mechan ism for  the  remova l  and

d e p o s i t i o n of lower molecular weight aromatic components to benthic  s e d i m e n t s .

From these r e s u l t s , i t  i s  c lear  tha t  SPM/dissolved  o r  m o l e c u l a r - s c a l e  i n t e r -

a c t i o n s account f o r  o n l y  a  m i n u s c u l e  f r a c t i o n  o f  t h e  m a s s  o f  o i l  p o t e n t i a l l y
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‘emoved  f r o m  a  s u r f a c e  s l i c k

i n t e r a c t i o n s .

C a l c u l a t e d  p a r t i t i o n

w h e n  c o m p a r e d  to  dispersed whole-oi l  droplet/SE’M

c o e f f i c i e n t  v a l u e s  ( K p)  a r e  p r e s e n t e d  a l o n g  w i t h

c o e f f i c i e n t s o f  v a r i a t i o n  a r i s i n g  f r o m  r e p l i c a t e  m e a s u r e m e n t s  f o r  a  w i d e  v a r i -

e t y of  lower  molecu lar  we ight  a romat ic  components  and th ree SEW types. A gen-

e r a l t r e n d  o f i n c r e a s i n g  K va lues w i t h  i n c r e a s i n g molecular weight was
P

observed. By  combin ing  these  measured K values with estima~ed  water  co lumn
P

c o n c e n t r a t i o n s and measured concent ra t ions  fo r  d isso lved phase o i l  components

i n r e a l s p i l l events , predicted concentrat ions of adsorbed components on SPM

(assuming a very high 200 mg/L SPM load) were presented. Us ing th is  approach,

more r e a l i s t i c  d i s s o l v e d  m o l e c u l a r - s c a l e a d s o r p t i o n  l e v e l s  a r e  p r e s e n t e d  i n

S e c t i o n  5 . 4 . Pred ic ted  leve ls  o f  molecular-scale/SPM  adsorp t ion  range f rom 70

ppb to 3900 ppb for the variety of individual compounds and SPM components

examined. As would be expected, t h e s e  p r e d i c t e d  m o l e c u l a r  a d s o r p t i o n  l e v e l s

a re w e l l  b e l o w the max imum adsorp t ion  capac i t ies  de termined th rough iso therm

development. F u r t h e r , i t  shou ld  be noted tha t  resorp t ion  w i l l  occur  as  an SPM

p a r t i c l e  i s  e x p o s e d  t o  c l e a n  w a t e r , un less  the  adsorp t ion  mechan isms invo lve  an

u n l i k e l y  c h e m i c a l  r e a c t i o n . A d d i t i o n a l  d a t a  a r e p r e s e n t e d t o  c o r r e l a t e

m o l e c u l a r sca le  adsorp t ion  leve ls  w i th  SPM-dependent  parameters  inc lud ing  TOC,

m i n e r a l o g y ,  h y d r o c a r b o n  c o n t e n t ,  n u m b e r  d e n s i t y ,  s o l i d s  d e n s i t y ,  a n d  g r a i n - s i z e

d i s t r i b u t i o n s . T h e  octanol  w a t e r - p a r t i t i o n  c o e f f i c i e n t  ( K o w)  a n d  p a r t i t i o n

c o e f f i c i e n t  ( K p )  a r e  a l s o  e x a m i n e d , a n d  i t  w a s  o b s e r v e d  t h a t  a l l  K  v a l u e s
P

i n c r e a s e d  w i t h i n c r e a s i n g  K o w a n d  m o l e c u l a r w e i g h t and w i t h  d e c r e a s i n g

v o l u b i l i t y . S P M  a d s o p t i o n  c a p a c i t y  a p p e a r e d  t o  b e  s t r o n g l y  a f f e c t e d  b y

i n i t i a l  d i s s o l v e d  c o m p o n e n t  c o n c e n t r a t i o n s , and s u s p e n d e d  p a r t i c l e  n u m b e r

d e n s i t i e s a n d  a v a i l a b l e  s u r f a c e  a r e a  a p p e a r  t o  e f f e c t  a d s o r p t i o n  o f  i n d i v i d u a l

components onto SPM.

1,4 RESULTS OF SEA/’ICE DYNAMICS EXPERIMENTS TO EXAMINE OIL/ICE
INTERACTIONS (SECTION 8)

Sect ions 8.1  th rough 8 .6  present  the  resu l ts  f rom a number  o f  s tud ies

under taken to  prov ide add i t iona l  in format ion  and data  on the processes respon-

s i b l e  f o r  i n c o r p o r a t i o n  o f  s e a b e d  s e d i m e n t s  a n d  s u s p e n d e d  p a r t i c u l a t e  m a t e r i a l



i n t o nearshore sea i c e  l a y e r s . The pr imary  th rus t  o f  these s tud ies  was on

unders tand ing the  sed iment /SPM ent ra inment  processes respons ib le  fo r  genera t ing

a seasonal i c e  c a n o p y  w i t h  w i d e l y  v a r y i n g ,  b u t  s i g n i f i c a n t  ( u p  t o  1 6 0 0  mg/L)

sediment burdens. These s tud ies  were  under taken to  u l t imate ly  a l low pred ic t ive

m o d e l i n g  o f o i l  w e a t h e r i n g  a n d  s e d i m e n t a t i o n  f o r  o i l  i n t e r a c t i n g  w i t h  s e a  i c e

conta in ing  heavy sed iment  loads.

I n i t i a l l y , wave t a n k  e x p e r i m e n t s were c o n d u c t e d  t o i n v e s t i g a t e

sed iment /SPM scour ing  and resuspens ion by  ac t ive ly  g rowing frazil  and slush ice

i n t e r a c t i n g d i r e c t l y  w i t h  t h e  b o t t o m  ( S e c t i o n  8 . 3 ) . Resu l ts  o f  the  wave tank

s tud ies  i l lus t ra ted  tha t  it  w a s  p o s s i b l e  t o  g e n e r a t e  s l u s h  i c e  s a m p l e s  c o n t a i n -

i n g e l e v a t e d l e v e l s  o f  s u s p e n d e d  p a r t i c u l a t e  m a t e r i a l  w i t h  f i n e - g r a i n e d  s e d i -

ments; however, i t  w a s  a l s o  a p p a r e n t  h a t ,  i n  g e n e r a l , the  concent ra t ion  o f  SPM

in the  s lush ice  f ie ld  was less  than the  background suspended par t icu la te  mate-

r i a l  l o a d  i n  t h e  w a t e r  c o l u m n  ( e . g . ,  s e e  T a b l e  8 - 3 ) . Fur thermore,  the  data

d e m o n s t r a t e d  t h a t  t h e r e  w a s  a  s i g n i f i c a n t  r e d u c t i o n  i n  t h e  s e d i m e n t  imd  in the

S lush i c e w i t h t ime,  due to  the  tu rbu lence reg ime in t roduced by  pass ing wave

t r a i n s .

Because of the somewhat ambiguous results obtained with the wave tank

exper iments , r a c e t r a c k  f l u m e  e x p e r i m e n t s  w e r e  u n d e r t a k e n  t o  o b s e r v e  i n t e r a c -

t i o n s of frazil  a n d  a n c h o r  i c e  w i t h  f i n e - g r a i n e d  s e d i m e n t ,  b o t h  i n  s u s p e n s i o n

a n d  a s b e d  m a t e r i a l in  f resh and sa l twater  sys tems. The resu l ts  f rom these

s t u d i e s c l e a r l y d e m o n s t r a t e d  t h a t  S P M  c o n c e n t r a t i o n s  i n  s u r f a c e  frazil  a n d

s l u s h i c e were s i g n i f i c a n t l y higher (up to 3300 mg/L)  than water column SPM

l o a d s  ( 7 0 0  mg/L)  i m m e d i a t e l y  a f t e r  t h e  s u p e r c o o l i n g  e v e n t  l e a d i n g  t o  frazil  i ce

f o r m a t i o n . As in  the  wave tank  exper iments ,  however ,  frazil  i ce  concent ra t ions

subsequent ly d e c r e a s e d  u n t i l , a f t e r severa l  hours , they were lower  than the

c o r r e s p o n d i n g w a t e r column s a m p l e s  ( e . g . , s e e  T a b l e  8 - 4 ) . N e v e r t h e l e s s ,

c a r e f u l c o n t r o l  o f the sampling t imes such that water and frazil  i ce  samples

were o b t a i n e d  d u r i n g  t h e c r i t i c a l  p h a s e  w h e n  s e a w a t e r  frazil  may be  s t i cky

( i .e . ,  dur ing  the  t rans i t ion  f rom the  tempera ture  min imum T m t o  t h e  e q u i l i b r i u m

t e m p e r a t u r e  T e)  a l l o w e d f o r  t h e  g e n e r a t i o n  o f  d a t a  w h i c h  s t r o n g l y  s u g g e s t e d

t h a t  frazil  c r y s t a l s adhere  to  suspended par t icu la te  mater ia ls  when there  is

s i g n i f i c a n t s u p e r c o o l i n g and ac t ive  ice  growth . These c rys ta ls  may then lose
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the i r  adhes ive  proper t ies  when the  temperature  r ises  to  the  equ i l ib r ium temper-

a t u r e f o l l o w i n g  t h e supercoo led s ta te . I n t e r e s t i n g l y , i n  t h e s e  s t u d i e s ,  t h e

presence o f  p e t r o l e u m  c o n t a m i n a n t s  d i d  not  a p p e a r  t o  a f f e c t  t h e  i n c o r p o r a t i o n

o f sediment i n t o  a  s a l t w a t e r  frazil  i c e  c o v e r . Thus , r a c e t r a c k  f l u m e  e x p e r i -

ments demonst ra ted tha t  o i l  contaminated sed iment  may be incorpora ted in to  the

i c e c o v e r d u r i n g  s t o r m s  o c c u r r i n g i n  t h e  f a l l ,  a n d  t h i s  m a y  b e  a  p o t e n t i a l

s o u r c e  f o r  p o l l u t a n t  t r a n s p o r t  a n d  d i s p e r s a l . .

The resu l ts  o f  the  wave tank  and racet rack  f lume exper iments  descr ibed

i n  S e c t i o n  8 . 3  s h o w e d  t h a t  s e d i m e n t - l a d e n i c e  c o u l d  b e  g e n e r a t e d  u n d e r

e x p e r i m e n t a l c o n d i t i o n s  b u t  t h a t  s u b s e q u e n t  c l e a n s i n g  o f  t h e  i c e  w o u l d  o c c u r

due t o  n a t u r a l  t u r b u l e n c e  u n d e r  c e r t a i n  c o n d i t i o n s . T h e r e f o r e , a large number

o f s e l f - c l e a n i n g

s c r i b e d  i n  S e c t i o n

r e t a i n e d i n  s l u s h

mechan isms for  sur face ice  canop ies  were  examined,  as  de-

8 . 4 . S t u d i e s  t o  l o o k  a t  s e l e c t i v e  s i z e  f r a c t i o n a t i o n  o f  SPM

i c e  e x p e r i e n c i n g  w a v e  t u r b u l e n c e  c l e a r l y  s h o w e d  p r e f e r e n t i a l

r e t e n t i o n  o f  finer-grained  m a t e r i a l s  i n  t h e  i c e  c a n o p y . S p e c i f i c a l l y ,  a f t e r  1 0

m i n u t e s  o f wave t u r b u l e n c e , the SPM retained in the ice consisted of 11% mud

(9% si l t  and 2% clay) and 88% sand; whereas, m a t e r i a l  c o l l e c t e d  r a i n i n g  o u t  o f

the ice surface was 98.6% sand with only 1.4% mud (1.1% si l t  and 0.3% clay).

As n o t e d  a b o v e ,

r a c e t r a c k  f l u m e was also

of  S P M  loads  in  t h e  w a t e r

s e l f - c l e a n i n g  o f s l u s h  i c e  a n d  frazil  ice in  t h e

noted w i th  t ime. Based on simultaneous measurements

co lumn and sur face ice  layer ,  i t  was determined tha t

t h e  d r o p  in  S P M  l o a d  i n  t h e  s l u s h  i c e  w a s  d u e  t o  a  c h a n g e  i n  i t s  a d h e s i v e

p r o p e r t i e s  w i t h  t i m e , in  a d d i t i o n  t o  t h e  s i m p l e  a c t  o f  p h y s i c a l l y  k n o c k i n g  SPM

out  o f  the  ice  layer  due

A n  a d d i t i o n a l

canopies was discovered,

p a r t i c l e s in  s e a w a t e r

advances. Photograph ic

t o  current- and wave- induced turbu lence.

mechan ism o f s e l f - c l e a n i n g  o f sed iments  in  sea ice

which  dea l t  w i th  the  movement  o f  f ine-gra ined sed iment

a n d  f r e s h w a t e r  s l u s h  ice  s l u r r i e s  d u r i n g  f r e e z e - f r o n t

a n d  gravimetric  a n a l y s e s  o f  t h e  f i n a l  d i s t r i b u t i o n s  o f

sed iments  in  severa l  exper iments  c lear ly  demonst ra ted  tha t  movement  o f  sed iment

p a r t i c l e s  w i t h i n  a n  i c e  c a n o p y  c a n  o c c u r  d u r i n g  t h e  f r e e z i n g  p r o c e s s .

L a b o r a t o r y a n d  l a r g e r - s c a l e  s t u d i e s  d e m o n s t r a t e d  t h a t  s e d i m e n t  p a r t i c l e s  c o u l d

b e  m o v e d  h o r i z o n t a l l y a s  w e l l  a s  v e r t i c a l l y  u n d e r  t h e  i n f l u e n c e  o f  a d v a n c i n g
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f reeze f ron ts  in  aqueous s lush ice  s lu r r ies  and tha t  th is  movement  cou ld  be due

t o  f o r c e s  o t h e r  t h a n  g r a v i t y  a l o n e .  N o t  s u r p r i s i n g l y ,  s m a l l e r  p a r t i c l e s  h a d  a

g r e a t e r  t e n d e n c y  t o  “ m i g r a t e . ”

F r o m  t h e r e s u l t s presented in  Sect ions  8 .3  and 8 .4 ,  i t  became c lear

t h a t t h e  f o r m a t i o n of  d i r ty ,  sed iment - laden ice  was dependent  on the  un ique,

s t o c h a s t i c s e q u e n t i a l  d e v e l o p m e n t  o f a storm event and subsequent freezeup.

T h e r e f o r e , s e v e r a l new hypotheses were developed to explain observed sediment

l o a d s  i n  n a t u r a l  i c e  c a n o p i e s . These are  descr ibed in  de ta i l  in  Sect ion  8 .5 ,

w h i c h  p r e s e n t s the resu l ts  o f  exper iments  des igned to  va l ida te  the  hypothes is

t h a t  SPM-laden  s l u s h  i c e  w i l l  r e t a i n  i t s  s e d i m e n t  l o a d  o n l y  i f  t h e  w e a t h e r  l i e s

down qu ick ly  a f te r  a  s torm event  and tha t  the  natura l  wave-dampening e f fec t  o f

t h e s l u s h ice  prevents  fu r ther  ra inout  o f  the  sed iment  f rom the ice  canopy as

i t  f r e e z e s . S p e c i f i c a l l y , i t  w a s  p r o p o s e d  t h a t  i f  a  s t o r m  o c c u r s  d u r i n g  f a l l

f r e e z e u p  a n d  t h e water  is  supercoo led to  the  po in t  tha t  frazil  i c e  m a i n t a i n s

i t s e l f  i n  a n  “ a c t i v e ” s t a t e  f o r  a  s u s t a i n e d  p e r i o d ,  t h e n  s i g n i f i c a n t  a d h e s i o n

of  SPM might  occur . However, e v e n  i f  t h e  frazil  i s  n o t  m a i n t a i n e d  in  a  s t i c k y

s t a t e , t h e  p l a t e l e t s  c o u l d  a l s o  b e  c a p a b l e  o f  p a s s i v e l y  s c a v e n g i n g  ( f i l t e r i n g )

h igh  loads o f  suspended par t icu la te  mater ia l  f rom the water  co lumn as  they  work

t h e i r  w a y  t o the sur face a f te r  the  s torm subs ides. As this SPM-laden frazil

i c e r e a c h e s  t h e  s u r f a c e ,  it  can then e i ther  undergo se l f -c lean ing,  as  observed

i n the wave tank  and racet rack  f lume exper iments  descr ibed in  Sect ions  8 .3  and

8 . 4  o r  f r e e z e  i n  p l a c e , ent rapp ing i ts  sed iment  load i f  the  weather  l ies  down

quick ly ,  in  such a  way tha t  res idua l  wave tu rbu lence subs ides to  the  po in t  tha t

a d d i t i o n a l s e l f - c l e a n i n g  o f the  ice  by  tu rbu len t  mechan isms is  no t  a  fac tor .

I n  t h i s  m a n n e r , h i g h  c o n c e n t r a t i o n s o f  s u s p e n d e d  p a r t i c u l a t e  m a t e r i a l  i n  a

seasona l  canopy wou ld  resu l t  as  observed in  the  f ie ld .

T o  t e s t  t h i s  h y p o t h e s i s , experiments were undertaken in the wave tank

t o  d e m o n s t r a t e  f i r s t tha t  a  heavy  SPM load cou ld  be es tab l ished by  phys ica l

ent rapment  f rom under ly ing  SPM-laden  waters and be maintained in the ice canopy

uncle r e x p e r i m e n t a l c o n d i t i o n s when tu rbu lence was e l im inated. S p e c i f i c a l l y ,

r e l a t i v e l y c l e a n ( 1 4 0  mg/L)  s l u s h i c e  w a s  p h y s i c a l l y  m i x e d  i n t o  SPM-laden

seawater ( 2 7 6  mg/L)  w i t h i n  a  2 0 - c m  d i a m e t e r c y l i n d e r  v e r t i c a l l y  i n s e r t e d

t h r o u g h the s u r f a c e s l u s h i c e a l l  the  way to  the  bot tom of  the  tank . T h i s

43



s lush ice  was then  a l lowed to  resur face in  the  absence o f  any add i t iona l  tu rbu-

l e n c e , and the SPM loads in the ice canopy within the cyl inder were measured at

n e a r l y  1 0 8 0  m g / L  c o m p a r e d  t o  t h e  c o n t r o l  a r e a , wh ich  was not  sub jec ted to

p h y s i c a l en t ra inment , at 140 mg)L. W i t h  s u b s e q u e n t  f r e e z i n g ,  t h e  i c e  l o a d i n g

w i t h i n  t h e slush  i c e  c o n t r o l  a r e a  o u t s i d e of  t h e  c y l i n d e r  a n d  w i t h i n  t h e

s t i r r e d  c y l i n d e r i t s e l f  d e c r e a s e d ;  h o w e v e r , an e levated leve l  o f  591 mg/L  o f

S P M  w a s  m a i n t a i n e d  w i t h i n  t h e  ice  c a n o p y  t h a t  h a d  b e e n  r a p i d l y  m i x e d  i n t o

u n d e r l y i n g SPM-rich  water  and then a l lowed to  f reeze in  the  absence o f  fu r ther

t u r b u l e n c e . Thus , t h e  r e s u l t s  o f  t h e  c y l i n d e r  ’ e x p e r i m e n t  d e m o n s t r a t e d  t h a t

high levels of SPM could be generated in the wave tank system; however, even in

this instance there was some evidence of self-cleaning, which may have been due

to  the  advanc ing f reeze f ron t  mechan ism descr ibed in  Sect ion  8 .4 .5 .

E x p e r i m e n t s  u n d e r t a k e n  t o e v a l u a t e  t h e  p o t e n t i a l  f o r  h o r i z o n t a l  a n d

v e r t i c a l  f i l t r a t i o n of SPM by frazil  and slush  ice from the water column were

a l s o c o n d u c t e d  i n the Kasitsna  Bay wave tank, and resu l ts  f rom those s tud ies

a r e  p r e s e n t e d i n  S e c t i o n  8 . 5 . 3 . S i g n i f i c a n t  c o n c e n t r a t i o n  a n d  e n t r a p m e n t  o f

s u s p e n d e d  p a r t i c u l a t e material  were rout inely observed as SPM-laden water was

a l l o w e d  t o f i l t e r  t h r o u g h  t h e  s l u s h  i c e ,  a n d  i n  e a c h  c a s e ,  significantly

e levated SPM loads were  obta ined in  the  s lush ice  compared to  the  feed waeer

a n d  d r a i n  w a t e r ( i . e . ,  t h e  f i l t e r e d  s e a w a t e r  a f t e r  p a s s i n g  t h r o u g h  t h e  s l u s h

i c e  l a y e r ) . A s  d e s c r i b e d  i n  S e c t i o n  8 . 5 . 3 , t h e r e  a p p e a r e d  t o  b e  l i t t l e

v a r i a t i o n  in  f i l t r a t i o n  e f f i c i e n c y  w h e n  e i t h e r  u n o i l e d  o r  p r e v i o u s l y  o i l e d  S P M

mater ia ls  were  used.

S e c t i o n  8 . 5 . 4  d i s c u s s e s t h e  r e s u l t s  o f  a  n u m b e r  o f  e x p e r i m e n t s  de-

s i g n e d t o  e x a m i n e t h e  s c a v e n g i n g  o f  s u s p e n d e d  p a r t i c u l a t e  m a t e r i a l  b y  r i s i n g

frazil  i c e  p l a t e l e t s  c o n t a i n e d  i n  a  9 1 - c m  x  7 . 6 - c m  colwn  Of  seawater

c o n t a i n i n g a known and measured concentration of SPM. In  these exper iments ,  a

l im i ted  amount  o f  c lean frazil  i ce  was in t roduced in to  the  exper imenta l  co lumn,

and the co lumn was then sub jec ted to  a  ser ies  o f  end- for -end invers ions. A f t e r

e a c h  i n v e r s i o n , the  co lumn was he ld  in  a  s ta t ionary  ver t i ca l  pos i t ion  in  such a

way t h a t  t h e  frazil  i c e  p l a t e l e t s , wh ich rose due tb  the i r  na tura l  buoyancy,

were exposed t o  s u s p e n d e d  p a r t i c u l a t e m a t e r i a l  d u r i n g t h e i r  a s c e n t . By

r e p e a t i n g t h e  e n d - f o r - e n d i n v e r s i o n  a numb e r o f  t i m e s ,  i t  w a s  p o s s i b l e  t o
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s i m u l a t e  frazil ice r is ing through a 20-m water column. A t  t h e  c o n c l u s i o n  o f

t h e exper iment , t h e system was al lowed to stand in place in the cold room at

K a s i t s n a Bay u n t i l a l l t h e  frazil/slush  i c e  c o n g e a l e d  a t  t h e  s u r f a c e .  T h e

w a t e r t h e n was dra ined,  and both  the s lush ice  and dra in  water  were  ana lyzed

f o r  S P M  l o a d s . The data  f rom these exper iments  (Tab le  8-9)  c lear ly  suggested

t h a t t h e s imple  r i s ing  o f  loose frazil  p l a t e l e t s  t h r o u g h  t h e  w a t e r  c o l u m n  w a s

s u f f i c i e n t  t o s c a v e n g e  SPhf, overcotne  t h e  n e g a t i v e  b u o y a n c y  o f  t h e  S P M

p a r t i c l e s , and r e s u l t i n  a n  e l e v a t e d  S P M  l o a d  i n  t h e  u p p e r  i c e  c a n o p y .

C o n c e n t r a t i o n factors of up  to  twofo ld  were”  observed for  s lush ice  compared to

dra in  water ;  however ,  i t  was be l ieved tha t  the  lack  o f  more  enhanced remova l  o f

SPM f rom the  water  co lumn dur ing  the  invers ion  exper iments  was due to  the  fac t

t h a t the  frazil  p l a t e l e t s  w e r e n o t  i n  a n  a c t i v e  o r  s t i c k y  s t a g e  o f  g r o w t h

b e c a u s e  i t  w a s imposs ib le t o  m a i n t a i n t h e w a t e r in  the  invers ion  co lumn

exper iments  a t  a  supercoo led s ta te .

Because o f  the  prob lem wi th  supercoo l ing  in  the  invers ion  exper iments ,

a d d i t i o n a l  e x p e r i m e n t s were under taken wi th in  the  co ld  room where frazil  ice

c r y s t a l s were a l l o w e d t o  f o r m  i n  s i t u  a t  t h e  b a s e  o f  a  v e r t i c a l  e x p e r i m e n t a l

column and then r ise through SPM-laden  water by their own buoyancy as they grew

i n t h e  s u p e r c o o l e d f l u i d . The resu l ts  o f  those exper iments  are  presented in

S e c t i o n  8 . 5 . 5 , a n d  i n  t h i s  i n s t a n c e , a  t o t a l  o f  2 0  d i f f e r e n t  e x p e r i m e n t s  w e r e

under taken w i t h  10W (Tab le  8-10) ,  medium (Tab le  8-11) ,  and h igh (Tab le  8-12)

SPM l o a d s ,  b o t h  w i t h  a n d  w i t h o u t  p r e v i o u s  o i l i n g . A l l  o f  the  exper iments  were

compleced  i n r e p l i c a t e  i n  o r d e r  t o  p r o v i d e  a  s t a t i s t i c a l l y  v a l i d  d a t a  b a s e  o n

frazil  i c e  s c a v e n g i n g  p h e n o m e n a . The data  f rom th is  ser ies  o f  exper iments

c l e a r l y  s h o w e d  t h a t  r i s i n g  a n d  g r o w i n g  a c t i v e  frazil  i c e  p l a t e l e t s  c a n  s i g n i f i -

c a n t l y remove s u s p e n d e d  p a r t i c u l a t e m a t e r i a l  f r o m  t h e  w a t e r  c o l u m n ,  a n d  i t

appeared t h a t  t h i s  p r o c e s s  w a s  s l i g h t l y  m o r e  e f f i c i e n t  w i t h  u n o i l e d  t h a n  w i t h

prev ious ly  o i led  SPM.

I n  t h e e x e c u t i o n  o f t h i s s e r i e s  o f  e x p e r i m e n t s ,  t h e  c o l l e c t i o n  o f

subsamples  o f S lush i c e , i n t e r s t i t i a l  w a t e r ,  a n d  pre-  a n d  p o s t f r e e z e  w a t e r

column samples al lowed overal l  mass balance est imates to be completed, Through

these s t u d i e s , i t  was c lear  f rom the mass ba lance data  tha t  bo th  ac t ive  scav-

eng ing o f  S P M  o n t o  r i s i n g  a n d  p o s s i b l y  s t i c k y  frazil  i c e  a n d  p a s s i v e  e n t r a i n -
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ment of SPM-laden  w a t e r  i n t o  i n t e r s t i t i a l  s p a c e s  a r e  i m p o r t a n t  m e c h a n i s m s  f o r

ent ra in ing  h igh  loads o f  SPM in  sur face ice  canop ies ,

W i t h  t h e  s u c c e s s f u l  c o m p l e t i o n  o f  t h e  v e r t i c a l  c o l u m n  s t u d y  u s i n g  a

d r y  i c e / m e t h a n o l  f o o t  b a t h  t o  i n i t i a t e  a n d  c a t a l y z e  frazil  i c e  f o r m a t i o n  a t  t h e

b a s e  o f  t h e  c o l u m n , add i t iona l  exper iments  were  under taken us ing a  thermal ly

jacketed co lumn. The purpose of these

d a t a  o n t h e  h e a t - t r a n s f e r  p r o c e s s

s c a v e n g i n g  e v e n t . S u c h  d a t a  a r e

m o d e l i n g  t h e  i n t e r a c t i o n s  o f  o i l ,  i c e ,

The resu l ts  f rom the  jacketed

l a t t e r  s t u d i e s  w a s  t o  c o n t r o l  a n d  o b t a i n

d u r i n g the frazil  ice formation and SPM

e s s e n t i a l  f o r  a n y  a t t e m p t  a t  e v e n t u a l l y

ancl s u s p e n d e d  p a r t i c u l a t e  m a t e r i a l .

column experiments are presented in Sec-

t i o n  8 , 6 . F r o m  t h e  i n i t i a l  s t u d i e s ,  i t  w a s  c l e a r  t h a t  m o s t  o f  t h e  i n d e p e n d e n t

v a r i a b l e s  ( S P M  s i z e  d i s t r i b u t i o n  a n d  c o n c e n t r a t i o n ,  total  o i l  c o n c e n t r a t i o n ,

o i l  t y p e  a n d  d e g r e e  o f  w e a t h e r i n g ,  l e v e l  o f  t u r b u l e n c e ,  d e g r e e  o f  s u p e r c o o l i n g ,

a n d  h e a t - t r a n s f e r r a t e  t o t h e  e n v i r o n m e n t )  c o u l d  b e  c o n t r o l l e d ,  o r  a t  l e a s t

measured and compared t o  i c e  f o r m a t i o n  r a t e s  a n d  c r y s t a l  s i z e . Thus,  a t  the

conc lus ion  o f  the  in i t ia l  scop ing exper iments  in  February  1987,  i t  was apparent

that al though some aspects

jacketed column system

A s  d e s c r i b e d

was

i n

changed b e f o r e  a d d i t i o n a l

o f  the  sys tem opera t ion  still  needed re f inement ,  the

i t s e l f  e s s e n t i a l l y  r e a d y  f o r  a d d i t i o n a l  s t u d i e s .

the Foreword, the scope of work for the program was

m o d e l i n g  a c t i v i t i e s  a n d  e x p e r i m e n t s  w i t h  t h i s  s y s t e m

could be completed. Never the less , the  sys tem is  s t i l l  i n  ex is tence a t  the  NOAA

L a b o r a t o r y a t  Kasitsna  B a y , a n d  w i t h  m i n o r  a d d i t i o n a l  e f f o r t ,  i t  c o u l d  b e

u t i l i z e d , s h o u l d  a d d i t i o n a l  frazil  ice/SPM  i n t e r a c t i o n  s t u d i e s  b e  d e s i r e d  i n

t h e  f u t u r e  a s par t  o f  some o ther  s tudy . I t  c lear ly  showed great  p romise and

c o u p l e d  w i t h  t h e  r e s u l t s  f r o m  t h e  o t h e r  v e r t i c a l  c o l u m n  e x p e r i m e n t s  p r e s e n t e d

i n  S e c t i o n  8 . 5  is  b e l i e v e d  t o  b e  t h e  o b v i o u s  d i r e c t i o n  f o r  c o n t i n u e d  s t u d i e s

requ i red for  any approach a t  model ing  oil/ice/SPM  i n t e r a c t i o n s .
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2 , 0 OIL/SPM INTERACTIONS INTRODUCTION

Since 1 9 7 9  S c i e n c e  A p p l i c a t i o n s  I n t e r n a t i o n a l  C o r p o r a t i o n  (SAIC)  h a s

been i n v o l v e d  i n the development of computer models designed to s imu la te  the

b e h a v i o r  o f  c r u d e  o i l and re f ined pet ro leum products  as  they weather  in  the

mar ine  env i ronment . The or ig ina l  model  addressed the open-ocean o i l -weather ing

p r o c e s s e s  o f  e v a p o r a t i o n ,  d i s s o l u t i o n ,  e m u l s i f i c a t i o n ,  a n d  s p r e a d i n g  a s  f u n c -

t i o n s  o f wind speed, a i r  t e m p e r a t u r e ,  s e a  s t a t e , a n d  s t a r t i n g  oil c o m p o s i t i o n

( P a y n e  e t  a l . ,  1 9 8 4 a ) . As  the  log ica l  p rogress ion  in  s u b r o u t i n e  d e v e l o p m e n t ,

S A I C  d e r i v e d  t h e a l g o r i t h m s and code needed to  eva luate  (and pred ic t )  the

p h y s i c a l  a n d  c h e m i c a l  c h a n g e s  o c c u r r i n g as o i l  weathers  in  the  presence o f

f i rs t  and multiyear  s e a  i c e  ( P a y n e  e t  a l . ,  1 9 8 7 a ) . F u r t h e r  i n v e s t i g a t i o n s  i n t o

t h e  m o d e l i n g  o f o i l - w e a t h e r i n g b e h a v i o r  h a v e  a d d r e s s e d  t h e  n a t u r e  o f  oil

i n t e r a c t i o n s w i t h  s u s p e n d e d  p a r t i c u l a t e m a t e r i a l  (SPM) a n d  a r e  t h e  t o p i c  o f

t h i s a n d  p r e v i o u s  ( P a y n e  e t  a l . ,  1987b.)  r e p o r t s . As  w i th  the  sea ice  s tudy ,

t h e  oil/SPM  i n t e r a c t i o n i n v e s t i g a t i o n  h a s  r e s u l t e d  i n  t h e  d e v e l o p m e n t  o f  a

subrout ine  compat ib le  w i th  the  or ig ina l  open ocean weather ing  computer  mode l .

I n t e r a c t i o n s  b e t w e e n sp i l led  o i l  and SPM are  impor tan t  because they

r e p r e s e n t  a maj or p o t e n t i a l  p a t h w a y f o r  t h e  d e p o s i t i o n  o f  h y d r o c a r b o n s  i n

c o a s t a l environments . These in terac t ions  can occur  th rough two p r i m a r y  a n d

g e n e r a l l y s i m u l t a n e o u s  m e c h a n i s m s :  1 )  d i s c r e e t  o i l  d r o p l e t s  “ s t i c k i n g ”  t o  s u s -

p e n d e d  p a r t i c u l a t e  m a t e r i a l , and 2)  adsorp t ion  by  SPM of  ind iv idua l  d isso lved

molecu les ,

M o l e c u l a r s c a l e  i n t e r a c t i o n s  a r e  n e g l i g i b l e  c o n s i d e r i n g  t h e  o v e r a l l

mass ba lance o f  an  o i l  s l i ck ;  however , under  cer ta in  cond i t ions  they  may create

adverse env i ronmenta l  cond i t ions  fo r  b io ta  (Payne e t  a l .  ,  1987b), On the other

hand, oi l  d r o p l e t  ( o r  macroscale)  i n t e r a c t i o n s  w i t h  S P M  a r e  k n o w n  t o  h a v e  a f -

f e c t e d  v a s t  p e r c e n t a g e s  o f  t h e  m a s s  o f  oil  p r e s e n t  i n  c e r t a i n  s p i l l s .  T h e  1 9 6 9

S a n t a  B a r b a r a  C h a n n e l  b l o w o u t  (Kolpack,  1971 and Wolfe, 1987) and the IXTOC-1

w e l l  b l o w o u t  ( B o e h m  a n d  Fiest, 1980 and Payne et al. 1980)  are  both  ins tances

w h e r e  d i s p e r s e d  o i l  d r o p l e t  i n t e r a c t i o n s  w i t h  S P M  h a v e  r e s u l t e d  i n  t h e

t r a n s p o r t  o f s i g n i f i c a n t q u a n t i t i e s  o f  s u r f a c e  o i l  t o  benthic  s e d i m e n t s .

F o l l o w i n g t h e  T S E S I S  o i l  s p i l l  i n  t h e  B a l t i c  S e a , approx imate ly  10-15% of  the
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3 0 0  t o n s  o f  s p i l l e d  o i l  w e r e  t r a n s p o r t e d  b y  s e d i m e n t a t i o n  o f  S P M - a d s o r b e d  o i l .

T h e  h i g h  o i l f l u x  i n  t h i s  i n s t a n c e  w a s  d u e  t o  t h e  l a r g e  S P M  c o n c e n t r a t i o n s

r e s u l t i n g f rom t u r b u l e n t resuspension of bottom sediments (Johansson et.al.  ,

1980) . Fur thermore , s p i l l s  i n areas o f e l e v a t e d  S P M  c o n c e n t r a t i o n s ,

p a r t i c u l a r l y  i n  n e a r s h o r e  w a t e r s , c a n  e x h i b i t  r a p i d  d i s p e r s a l  a n d  o i l  r e m o v a l

d u e  t o  i n t e r a c t i o n s  w i t h  f r o n t a l  z o n e  S P M  ( F o r r e s t e r ,  1 9 7 1 ;  Kolpack,  1 9 7 1 ) .

The ra tes  o f  bo th  types o f  in terac t ions  (molecu lar  and marcoscale)  m a y

b e  d e p e n d e n t  o n a number  o f  fac tors  inc lud ing oil  compos i t ion  (and degree o f

weathering) , p h y s i c a l a n d  c h e m i c a l  p r o p e r t i e s  o f  t h e  S P M ,  s a l i n i t y ,  t e m p e r a -

t u r e , and t u r b u l e n c e . The var iab le  o f  SPM concent ra t ion  a lso  appears  to  con-

t r i b u t e s i g n i f i c a n t l y  t o  t h e  v e r t i c a l  t r a n s p o r t  o f  o i l . At low (< 10 ppm) SPM

levels , l i t t l e  t r a n s p o r t  o f  o i l e d  p a r t i c l e s  i s  e x p e c t e d .  U n d e r  m o d e r a t e  ( 1 0  t o

100 ppm) levels, s i g n i f i c a n t  s o r p t i o n  c a n  o c c u r  p r o v i d e d  that  there  i s  a d e q u a t e

m i x i n g  o f o i l a n d  p a r t i c u l a t e . F i n a l l y , mass ive sinking of oil  may be

p o s s i b l e  u n d e r  c o n d i t i o n s  o f  h i g h e r (> 100 ppm) SPM concentrat ions (Boehm,

1987) .

M a n y  i n v e s t i g a t o r s  ( G e a r i n g  et.al.,  1979 and 1980;  Zurcher  and Thuer,

1978 ; W i n t e r s , 1978; de Lappe et.al.,  1979; Boehm and Fiest,  1980; Meyers and

Quinn, 1973; and Payne et al. , 1 9 8 4 a )  h a v e  r e p o r t e d  o n  t h e  s e l e c t i v e  p a r t i t i o n -

i n g  b e t w e e n  l o w e r and h igher  molecu lar -we ight  a romat ic  compounds dur ing  the

d i s s o l u t i o n  a n d m o l e c u l a r - s c a l e  a d s o r p t i o n  p r o c e s s . Many o f  the  resu l ts  have

p o i n t e d  t o  t h e ro le  o f  the  SPM c lay  f rac t ion  and organ ic  carbon load ings on

SPM,  as  we l l  as  the  chemica l  p roper t ies , e s p e c i a l l y  v o l u b i l i t y  a n d  t h e  octanol-

w a t e r p a r t i t i o n  c o e f f i c i e n t , o f  t h e  d i s s o l v e d  s p e c i e s  in  t r y i n g  t o  e x p l a i n  t h e

a d s o r p t i o n mechanism. O f t e n  c o n t r a d i c t o r y r e s u l t s  c o n f o u n d  t h e  a b i l i t y  t o

p r e d i c t r e l i a b l y  t h e  p o t e n t i a l  f o r  o r  e f f e c t s  o f  m o l e c u l a r - s c a l e  s o r p t i o n  o n t o

p a r t i c u l a t e . Meanwhi le  a  comple te  unders tand ing o f  the  nature  o f  macroscale

d r o p l e t i n t e r a c t i o n s  h a s remained somewhat  e lus ive  because o f  the  re la t ive ly

random c h a r a c t e r  o f the  d ispers ion  process coup led w i th  methods incapab le  o f

d e t e r m i n i n g  t h e s o u g h t - a f t e r r a t e constants (see for example, Payne et al .  ,

1987b)  .

48



T h e r e f o r e , d u r i n g  t h e  f i r s t  p h a s e  o f  t h i s  oil/SPM  i n t e r a c t i o n  s t u d y ,  a

g r e a t  d e a l  o f  e f f o r t  w a s  d e v o t e d  t o  t h e  d e v e l o p m e n t  o f  a n  a n a l y t i c a l  t e c h n i q u e

s u i t a b l e  f o r  t h e  m e a s u r e m e n t  o f  o i l  droplet/SPM  i n t e r a c t i o n  r a t e  c o n s t a n t s  ( s e e

f o r  e x a m p l e , P a y n e  e t  a l . ,  1987b). Once th is  techn ique had been eva luated in

terms o f r e l i a b i l i t y , r e p r o d u c i b i l i t y , and prac t ica l i ty  and compared aga ins t

~ther c a n d i d a t e m e t h o d s ,  i t w a s  u t i l i z e d  t o  o b t a i n  oil/SPM  i n t e r a c t i o n  r a t e

c o n s t a n t s  o n  a wide v a r i e t y of oi l  and SPM types. I n  p a r t i c u l a r ,  t h e  l a s t

p h a s e  o f  t h i s  s t u d y  ( w h i c h  i s the  sub jec t  o f  Sect ions  3  th rough 7  o f  th is

r e p o r t ) h a s  f o c u s e d  o n  e x a m i n i n g  t h e  e f f e c t  o n  r a t e  c o n s t a n t s  r e s u l t i n g  f r o m

var ia t ions  in  SPM type, o i l  t y p e  a n d  d e g r e e  o f  w e a t h e r i n g ,  s a l i n i t y ,  oil  level,

and turbu lence. Fur thermore , r a t e  c o n s t a n t  v a r i a t i o n s  a t t r i b u t a b l e  t o  S P M  t y p e

were subd iv ided and eva luated accord ing to  to ta l  o rgan ic  carbon concent ra t ion ,

h y d r o c a r b o n  c o n t e n t ,  m i n e r a l o g y , g r a i n  s i z e , s o l i d s  d e n s i t y , and number

d e n s i t y .

Based on these experiments, the  most  pro found e f fec t  on  ra te  constants

resu l ts  f rom var ia t ions  in  sa l in i ty  and to  a  lesser  degree on SPM number  dens i -

ty . A l g o r i t h m s  t h a t  i n c o r p o r a t e  t h e  r a t e  c o n s t a n t  a n d  e f f e c t s  o f  t h e  m o s t  pro-

nounc e d v a r i a b l e s  h a v e  b e e n  c o d e d  a s  “ a d d  o n ” s u b r o u t i n e s  t o  t h e  e x i s t i n g

open-ocean o i l - w e a t h e r i n g model. Th is  a lso  has the  advantage o f  a l lowing the

u s e r  t o s e l e c t t h e  d e g r e e  o f  w e a t h e r i n g ,  a s w e l l  a s  t h e  t y p e  o f  o i l  ( o r

d i s t i l l a t e  p r o d u c t ) b e f o r e  t h e  i n i t i a t i o n o f  m o d e l e d  S P M  i n t e r a c t i o n s .  In

a d d i t i o n , t h e e f f e c t  o f  o i l  o n  s e d i m e n t a t i o n ra tes  has been invest iga ted

c o n c u r r e n t l y w i t h t h e r a t e c o n s t a n t d e t e r m i n a t i o n s , and a s p e c t s  o f

d isso lved-compound adsorp t ion  were  exper imenta l ly  de termined through the  deve l -

opment  o f  a  number  o f  adsorp t ion  iso therms and par t i t ion  coef f i c ien ts . D e t a i l s

o f these and o ther  exper iments  are  presented in  the  fo l lowing sec t ions  o f  th is

r e p o r t .
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3.0 MODEL DERIVATION

The purpose of the experimental and model ing work discussed here is to

d e v e l o p  a scop ing t e c h n i q u e  t o e v a l u a t e t h e  e f f e c t  o f  oil-suspended-

p a r t i c u l a t e - m a t e r i a l (SPM) i n t e r a c t i o n s  a s  a  r e m o v a l  p r o c e s s  f o r  o i l  d i s p e r s e d

i n t h e  w a t e r column. P a r t i c u l a t e  s c a v e n g i n g  o f  o i l  d r o p l e t s  w i l l  i m p a c t  t h e

fate of an o i l  s l i ck  f rom both  a  d isappearance-over - t ime aspect  and f rom the

s t a n d p o i n t  o f t h e  u l t i m a t e  f a t e  o f  t h e  o i l  ( b o t t o m  d e p o s i t i o n ,  bioimpacts,

e t c . ) . The fo l lowing sec t ions  present  a  d iscuss ion  o f  the  scop ing mode ls  tha t

h a v e  b e e n deve loped. Sect ion  3 .1  presents  an  overv iew o f  the  mathemat ica l

d e r i v a t i o n s  o f t h e  c o m p u t e r models and the parameters used in these models.

S e c t i o n  3 . 2 p r e s e n t s d i s c u s s i o n s  o f c o n s i d e r a t i o n s  p e r t i n e n t  t o  t h e

mathemat ica l d e r i v a t i o n and e x p e r i m e n t a l v a l i d a t i o n  o f t h e  w h o l e  o i l

droplet/SPM  i n t e r a c t i o n  r a t e  c o n s t a n t s .

3 , 1 MATHEMATICAL MODELS

3 . 1 . 1 Oil  Droplet Model (with Excess SPM)

C o n s i d e r  o i l

l o a d e d  w i t h  s u s p e n d e d

w i t h and s t i c k  t o  t h e

d r o p l e t s  b e i n g  d i s p e r s e d  into  a  w a t e r  c o l u m n  u n i f o r m l y

p a r t i c u l a t e  m a t e r i a l  ( i n  e x c e s s ) . These drops  co l l ide

SPM at a rate of a“, The coordinate system used is one

dimension (in x) with x - 0 at the s~rface  a n d  i n c r e a s i n g  x  v a l u e s  i n  t h e

d o w n w a r d  d i r e c t i o n ( d o w n  i s  i n  t h e  p l u s  d i r e c t i o n )  w i t h  a  t o t a l  d e p t h  o f  [ .

T h e  c o n c e n t r a t i o n  p r o f i l e , C  ( i n  t h e  v e r t i c a l  d i m e n s i o n  o n l y )  f o r  t h e  o i l

d r o p l e t s  i s  d e s c r i b e d  b y

ac ac a s7r+v’z’=ay@ ~ -qc
( 1 )

w i t h  b o u n d a r y  c o n d i t i o n s

(2 )

and
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c =Oat  x-i. ( 3 )

The parameters are given by

v= ( r i s e  o r  f a l l )  v e l o c i t y  i n  t h e  +  x  d i r e c t i o n  (down)

kx  = tu rbu lent  diffusivity  ( a s s u m e d  d i s p e r s i o n  c o n s t a n t )

N o  = flux  o f  oil  at  t h e  s u r f a c e  at  t _ O

g = d e c a y  c o n s t a n t  f o r  t h e  f l u x  o f  o i l .

T h e  s e c o n d  b o u n d a r y  c o n d i t i o n , descr ib ing  the  loss  mechan ism a t  the  bot tom,

s t a t e s that  when o i l  reaches the  bot tom i t  i s  removed ( f rom the water  co lumn) .

The equation (1) above d e s c r i b e s  o n l y  t h e  f r e e  o i l  d r o p l e t s .

Us ing  Laplace  Trans format ions , t h e  s u b s i d i a r y  e q u a t i o n s  a r e  (Carslaw  &

Jaeger ,  1959)

C(f)=o.

S o l v i n g  t h i s  e q u a t i o n  w i t h  t h e  b o u n d a r y  c o n d i t i o n s  y i e l d s

where

( 4 )

( 5 )

( 6 )

( 7 )

( 8 )
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I n  t h e  f o l l o w i n g  e q u a t i o n s  d e f i n e

(9)

Next , i n v e r t i n g  t h e  L a p l a c e  t r a n s f o r m  y i e l d s  t h e  v e r t i c a l  c o n c e n t r a t i o n  p r o f i l e

- -~ x Pi sin Pi (1-x/Oe ‘[a +
 k (a2 + W2/12)]t

i  [y.  cyc - k (az + ~i2/f2)][(2k  + fVx)COS  ~~ - 2k ~i sin pi]
( l o )

w h e r e  t h e  ~i’s  are  the roots  o f

picotPi+~=O and?= [a~+ ‘k-y]ln
(11)

From equation 10, the  fo l lowing ca lcu la t ions  can then be made.

1. T h e  m a s s  o f  f r e e  o i l  d r o p s  i n  t h e  p r o f i l e  ( t o t a l  o i l  i n  t h e  w a t e r
c o l u m n )  per unit  area is given by

;  C(x,t) dx
(12)

o
2. The m a s s o f  o i l  l o s t  t h r o u g h  r e a c t i o n  (oil/SPM  i n t e r a c t i o n s )  p e r

u n i t  a r e a  i s  g i v e n  b y

TI

acj  jc(x,t)dxde
(13)

0 0
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3.

4 .

I n

T h e  o i l  m a s s  l o s t  a t
water  co lumn)  per  un i t
T

f{
dC

}dUxC-k—  t
dx  1

0
T h e  o i l  d i s p e r s e d  i n t o

IQ(1 ..&y)

Y

the bottom (sedimented and removed from the
a rea  is  g iven by

(14)

the water  co lumn per  un i t  a rea is

(15)

o r d e r  t o  v e r i f y  t h e  c a l c u l a t e d  r e s u l t s ,  t h e  s u m  o f  i t e m s  1, 2 and 3

(above) must equal i tem 4.

3 . 1 . 2 Suspended Par t icu la te  Mat ter  (SPM) Mode l

Cons ider SPM be ing d ispersed in to  a  water  co lumn. T h e  p a r t i c l e s  a r e

f l u x e d  f r o m the bot tom and may e i ther  a t tach to  o i l  d rop le ts  or  re turn  to  the

bot tom. The mode l (s )  on ly  hand le  SPM that  i s  f luxed f rom (or  to )  the  bot tom

because t h e  m o d e l s  a r e one-d imens iona l . The analyt ical  model for SPM has a

z e r o i n i t i a l  c o n d i t i o n f o r  t h e  S P M  c o n c e n t r a t i o n  p r o f i l e  a n d  i t  c a n n o t  b e

changed s i n c e t h i s c o n d i t i o n  u n i q u e l y d e f i n e s  t h e  s o l u t i o n . The numerical

model f o r  r e a c t i n g o i l  d rop le ts  and SPM (s teady s ta te)  can have an arb i t ra ry

i n i t i a l c o n d i t i o n  f o r  t h e  S P M  ( t o  s i m u l a t e  S P M  l e v e l s  d e r i v e d  f r o m  a n o t h e r

source s u c h  a s a  r i v e r )  o r  o i l - d r o p l e t  c o n c e n t r a t i o n  p r o f i l e s ;  h o w e v e r ,  o n l y

“ z e r o ” and a s t e a d y - s t a t e p r o f i l e  f o r  S P M  a r e  a v a i l a b l e  i n

c o o r d i n a t e system used is  aga in  one d imens ion in  x  w i th  x  -

and a total depth of 1 . T h e  c o n c e n t r a t i o n  p r o f i l e ,  S

dimension) for the SPM is described by:

t h e  c o d i n g .  T h e

O at  the  sur face

( i n  t h e  v e r t i c a l

( 1 )

w i th  boundary  cond i t ions

(IS
vxS-k —-=

dx
-Fo+k&atx=l ( 2 )

and
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Q==O at x=OVxs-kti (3)

T h e  f i r s t  b o u n d a r y cond i t ion  descr ibes  the  f lux  o f  sed iment  f rom the  bot tom.

The parameters are given by

v= p a r t i c l e  s e t t l i n g  v e l o c i t y

kx  _ turbulent  diffusivity

F = c o n s t a n t  flux  s o u r c e  t e r m  f r o m  t h e  b o t t o m

k:  = f i r s t - o r d e r  sediment  d e p o s i t i o n  r a t e  a t  t h e  b o t t o m

Using Laplace  T r a n s f o r m a t i o n s , t h e  s u b s i d i a r y  e q u a t i o n s  a r e  (Carslaw  &

Jaeger ,  1959)

w i t h

S o l v i n g  t h i s  e q u a t i o n  w i t h  t h e  b o u n d a r y  c o n d i t i o n s  y i e l d s

,>q { vXsinh~x  +21c~cosli&x
[k~  VX + 2k (a + p)] sinh ~1 + 2k, k< cosh 51 }

where ~.=  [az
+++]’n

(4)

(5)

(6)

(7)

(8)
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and a =
3

Next , i n v e r t i n g  t h e  t r a n s f o r m  y i e l d s  t h e  v e r t i c a l

(9)

c o n c e n t r a t i o n  p r o f i l e

S (M) = Foea(X-~ {
vxsinh~ox  +2k<ocosh  {ox

(k~ VK + 2k a~) sinh ~oi + 2ks k{o cosh kof
( l o )

.5
pi[vx  sin Ox + 2k @ cos O  x]e  -[Q +k(a2  +02)]t

}
i=l[a  +k(az  +02)]  [~i(2k  + ksf)  s in ~i-/(akSf+kS-k/(a2+  02)cos~i)]

and the @i’ s  are  the roots  o f

(11)

(12)

From equat”ion  10, the  fo l lowing ca lcu la t ions  can then be made:

1. T h e  t o t a l  m a s s  o f  S P M  in  the  water  co lumn per  un i t  a rea is  g iven
b y

~

!
S(x,t)  dx

o

(13)

2. The m a s s of S P M  l o s t  d u e  t o  r e a c t i o n s  w i t h  o i l  d r o p l e t s  p e r  u n i t
a rea is  g iven by

T/
as as H S(x,t) dx dt (13)

0 0

3. The m a s s of  SPM f luxed in  f r o m  t h e  b o t t o m  p e r  u n i t  a r e a  is  g i v e n
b y

T

J(
dS

}dvXS-k~l  t
o
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I n  o r d e r  t o  v e r i f y  t h e  c a l c u l a t e d

t h a t  o f  1 .

r e s u l t s , the sum of items 2 and 3 must equal

3 . 1 . 3 Oil Droplet and SPM Model

Cons ider o i l  d r o p l e t s be ing d ispersed in to  a  water  co lumn f rom the

s u r f a c e and sed iment  be ing  f luxed in to  the  water  co lumn f rom the  bot tom.  The

o i l  d r o p l e t s  a n d SPM co l l ide  and s t i ck  to  fo rm an oil-SPM  a g g l o m e r a t e  a t  a

s p e c i f i c r a t e . The coord ina te  sys tem used is  one d imens ion ( in  x )  w i th  x  -  0

a t the  sur face and increas ing x  va lues in  the  downward d i rec t ion  (down is  the

p l u s  d i r e c t i o n )  w i t h  a  t o t a l  d e p t h  o f  1  .  T h e  c o n c e n t r a t i o n  p r o f i l e ,  C  ( i n  t h e

v e r t i c a l  d i m e n s i o n  o n l y ) , f o r  t h e  o i l  d r o p l e t s  i s  d e s c r i b e d  b y

wi th  boundary  cond i t ions

d
vc-k

&
= Noe-W

and

c -Oatx-l

The parameters are given

atx=O

b y :

( 1 )

(2 )

(3 )

v e l o c i t y  i n  t h e  x  d i r e c t i o nv= ( r i s e  o r  f a l l )
c

k  = t u r b u l e n t  diffusivity

N  =  f l u x  o f  o i l  d r o p l e t s  a t  t h e  s u r f a c e  a t  t  =  O
0

g =  d e c a y  c o n s t a n t  f o r  t h e  f l u x  o f  o i l

a= r a t e  c o n s t a n t  f o r  o i l  d r o p l e t  r e m o v a l
c

T h e  s e c o n d  b o u n d a r y  c o n d i t i o n  ( E q .  3 ) , d e s c r i b i n g  t h e  o i l - d r o p l e t  l o s s  o f

mechanism at the bottom, s ta tes  tha t  when o i l  reaches the  bot tom i t  i s  removed.
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T h e  c o n c e n t r a t i o n  p r o f i l e , S  ( in  the  ver t i ca l  d imens ion  on ly ) ,  fo r  SPM

is  descr ibed by

wi th  boundary  cond i t ions

v&k~ =-Fo+k#atx=l

and

v&,j-k~=Oatx=O

(4)

(5)

(6)

T h e  f i r s t  b o u n d a r y cond i t ion  descr ibes  the  f lux  o f  sed iment  f rom the  bot tom.

The parameters are given by

v-
S p a r t i c l e  s e t t l i n g  v e l o c i t y

k  = t u r b u l e n t  d i f f u s i v i t y

F .  m constant  flu  s o u r c e  t e r m  f r o m  t h e  bottom

k = f i r s t - o r d e r  s e d i m e n t  d e p o s i t i o n  r a t e
s

a= r a t e  c o n s t a n t  f o r  S P M  r e m o v a l  ,
s

T h e  s o l u t i o n s  t o  t h e  a b o v e  e q u a t i o n set  (Eqs.  1 a n d  4 )  c a n n o t  b e

o b t a i n e d ana ly t ica l l y  because o f  the  c ross  te rm CS. So lu t ions  can be obta ined

us ing a  Crank-Nicolson  f i n i t e - d i f f e r e n c e  n u m e r i c a l  i n t e g r a t i o n  a l g o r i t h m  a n d  a n

i t e r a t i o n  a t each t ime s tep  on t r ia l  vec tors  fo r  C and S. In  order  to  check

t h e  m a s s  b a l a n c e f o r  b o t h  o i l  d r o p l e t s  a n d  S P M , the same mass quanti t ies as

d e s c r i b e d  b y  e q u a t i o n s ( 1 2 )  t h r o u g h  ( 1 5 )  f o r  o i l , and equat ions (13)  through

(15)  fo r  SPM can be ca lcu la ted  (numer ica l ly ) .

F ina l l y ,  the  oil/SPM  a g g l o m e r a t e  p r o f i l e ,  W ,  i s  d e s c r i b e d  b y

(7 )
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with b o u n d a r y  c o n d i t i o n s

—=oatx=(lVWW - k ‘&w (8)

and

w= Oat  x=-[ (9)

The las t  boundary  cond i t ion  s ta tes  tha t  when the agg lomerate  reaches the  bot tom

it  is removed. The parameters are given by

v= a g g l o m e r a t e  s e t t l i n g  v e l o c i t y
w

k  = t u r b u l e n t  diffusivity

a- r a t e  c o n s t a n t  f o r  a g g l o m e r a t e  p r o d u c t i o nw

The mater ia l  ba lance equat ions  fo r  the  oil/SPM  a g g l o m e r a t e  a r e

1. The mass of agglomerate in the water column per unit  area is given
b y

;W(x,t)dx (10-)

o

2. The mass o f  agg lomerate  produced by  the  o i l  d rop le ts  and sed iment
p e r  u n i t  a r e a  i s  g i v e n  b y

T1
awj JCSdxdt

0 0

3. T h e  mass o f  agg lomerate  los t  a t  the  bot tom per  un i t  a rea is  g iven
b y

T h e  v e r i f i c a t i o n  o f  t h e  c a l c u l a t i o n  o f  t h e  a g g l o m e r a t e  p r o f i l e  i s  o b t a i n e d  f r o m

the sum of i tems 1 and 2, which must equal i tem 3.
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3 . 1 . 4 Boundary Condit ions and Parameter Est imations

Parameters t h a t  m u s t b e  s p e c i f i e d  i n  o r d e r  t o  p e r f o r m  a  c a l c u l a t i o n

a r e  N o  a n d  v for oil  d r o p l e t s ,  a n d  F .  a n d  k~ for the SpM. The parameter No is

t h e i n i t i a l o i l - d i s p e r s i o n  ( d r o p l e t )  f l u x  w i t h  ( t y p i c a l )  u n i t s  o f  grams/(crn2

see) , and -I is t h e  d e c a y  c o n s t a n t  w i t h  t y p i c a l  u n i t s  o f  l / s e e . The pr imary

m o t i v a t i o n f o r  u s i n g a  d e c a y i n g  e x p o n e n t i a l  t o  d e s c r i b e  t h e  oil  droplet

d i s p e r s i o n  s o u r c e t e r m  i s  t h e  o b s e r v a t i o n  t h a t  t h e s e  c a l c u l a t e d  r e s u l t s  f r o m

the open-ocean o i l - w e a t h e r i n g  c o d e  ( L e t t e r  t o  M a u r i  Pelto  f rom B.E.  Kirstein,

M a y  2 5 ,  1 9 8 3 ;  a n d  l e t t e r  t o  D a v e  L i u  f r o m  B.E.  Kirstein,  Ju ly  1 ,  1983)  p lo t  as

a s t r a i g h t  l i n e  o n  a  semilog  g r a p h  ( o r  a  s u m  o f  s t r a i g h t  l i n e s ) . The only  way

t o o b t a i n thes e parameters  f rom the open-ocean o i l -weather ing  code is  to  run

the code for  a  spec i f ied  case, p l o t  t h e  r e s u l t s  f o r  o i l - d r o p l e t  d i s p e r s i o n ,  a n d

f i t  t h e  c a l c u l a t e d  r e s u l t s  t o  a s t r a i g h t l i n e . While  th is  can be t ime

consuming and somewhat tedious, a n o t h e r  q u i c k e r  ( b u t  l e s s  a c c u r a t e )  w a y  i s  t o

assume ( f rom exper ience)  tha t  a  cer ta in  th ickness  o f  o i l  w i l l  decay by  1 /2  in  a

g i v e n  t i m e . For example, s u p p o s e  a  l / 2 - c m  t h i c k  s p i l l  w i l l  d i s p e r s e  a t  a  r a t e

such tha t  the  th ickness  w i l l  be  1 /4  cm in  6  hr . T h e  d e f i n i n g  e q u a t i o n  f o r  t h i s

“ h a l f - l i f e ”  i s

+= exp (-h)

and

tln=0.693/l

-5 -1
‘ 0  ‘ f  ‘ 1 / 2  -6hr- * “1 6 X  1 0 4  ‘ c c ’  A - 4.6 X 10 sec . N o w ,  the  to ta l  o i l

d ispersed in  any  t ime f rame through one cm 2 is

oil  dispersed - (T. - T) * 1 cm2 * p
o

o r
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w- o i l  d i s p e r s e d  -  T o ( l  -  e x p  [-At])  * 1 c m 2  *  P.

a n d  t h e  f l u x  i s  t h e  d e r i v a t i v e  o f  t h e  t o t a l  o i l  d i s p e r s e d ,  a n d  i s

f l u x  “ TOA exp [-At]  * 1 cm2 * PO

.
F o r  t h i s  c a s e  w i t h  PO = 0 .8  gm/cmJ,  t h e  l e a d  c o e f f i c i e n t  No is

N -ToApo  - 1 . 8  X 1 0
-5

0
gm/ ( cm2 s e e )

Thus , knowing i n  a  g e n e r a l s e n s e  h o w  a n  oil  sp i l l  behaves w i th  respect  to

d i s p e r s i o n , an es t imate  (on ly )  o f  the  boundary  cond i t ion  parameters  fo r  o i l  can

b e  q u i c k l y  o b t a i n e d ,

The parameters  F and k~ for the SPM (bottom) boundary condit ion were
o

chosen p a r t l y f o r  a  m a t h e m a t i c a l  r e a s o n . Any SPM model  must have a

s e l f - l i m i t i n g source t e r m  o r t h e  w a t e r c o l u m n  c o u l d  l o a d  t o  u n r e a l i s t i c

s e d i m e n t  q u a n t i t i e s . T h e r e f o r e ,  a “back  f lux”  o f  sed iment  to  the  bot tom must

o c c u r w h i c h  i s  p r o p o r t i o n a l t o  h o w  m u c h  s e d i m e n t  e x i t s  i n  t h e  w a t e r .

M a t h e m a t i c a l l y  t h i s  “ b a c k  f l u x ” i s  w r i t t e n  a s  ksS w h e r e  k s  i s  a  f i r s t  o r d e r

r a t e  c o n s t a n t  t h a t  m u l t i p l i e s  t h e  s e d i m e n t  c o n c e n t r a t i o n  a t  t h e  l o w e r  b o u n d a r y .

S i n c e  f l u x  h a s  u n i t s o f  gm/ (cm 2 see)  and the  sed iment  concent ra t ion ,  S ,  has

u n i t s  o f gm/cm3,  k has  un i ts  o f  cm/sec . The cons tan t  f lux  te rm F.  i s  whats
in i t ia l l y  loads  sed iment  in to  a  c lean water  co lumn,  and when ksS e q u a l s  F o ,  the

n e t  f l u x  o f  s e d i m e n t  i n t o  t h e  w a t e r  c o l u m n  b e c o m e s  z e r o .  I n  o r d e r  t o  e s t i m a t e

what  typ ica l  parameters  can be, c o n s i d e r  t h a t  t h e  w a t e r - c o l u m n  c o n c e n t r a t i o n  o f

SPM can be 2 gin/ l  (as i t  has been obsened  at Beluga  Po in t  in  Turnaga in  Arm o f

C o o k  I n l e t ) , and th is  load ing can be ach ieved in  6  hr ;  fu r ther  assume the water

i s a p p r o x i m a t e l y  1 0  m  d e e p . Thus , fo r  each cm 2 of  bot tom area and water

column, t h e r e  i s  1 0 0 0  c m 3 of  water  conta in ing  a  to ta l  o f  1  gm o f  sed iment .  The

d i f f e r e n t i a l  e q u a t i o n  f o r  a  w e l l - m i x e d  w a t e r  c o l u m n  ( e v e n  t h o u g h  i t  i s  n o t )  i s

w h e r e  I i s  the  depth . A s o l u t i o n  f o r  S  i s

6 0



ksS=*(l-exp[-—l ~ D

Thus , f o r  l a r g e  t i m e s ,  S  - - >

to  load the  water  co lumn wi th

F . - 1 gm/(1  cm2 * 6

and since S - 0.001 gm/cm3

F e / k Hence, i f  6  h r  i s  a b o u t  t h e  t i m e  r e q u i r e ds“
s e d i m e n t ,  l e t

h r ) = 4.6 X 10 -5 gm/cm2 sec

k =  FO#  - 0.046 cm/secs

I t  s h o u l d  b e emphas ized tha t  the  preced ing ca lcu la t ions  are  on ly  examples

how va lues fo r  per t inent  var iab les  wou ld  be used in  the  mode l  a lgor i thms.

3 .2 RATE CONSTANT CONSIDERATIONS

T h e o r e t i c a l  a n d  p r a c t i c a l  a s p e c t s  o f  p a r t i c l e - p a r t i c l e  i n t e r a c t i o n s

t h e y  p e r t a i n  t o w h o l e - o i l  droplet/SPM  i n t e r a c t i o n s  h a v e  b e e n  a d d r e s s e d

o f

as

i n

p r e v i o u s  NOAA/NMS p r o g r a m s ( e . g . , S e c t i o n  2 . 1 i n  P a y n e  e t  a l . ,  1987b).

I n f o r m a t i o n  p r e s e n t e d  i n S e c t i o n s  3 . 2 . 1  t h r o u g h  3 . 2 . 3  b e l o w  p r o v i d e s  f u r t h e r

d e f i n i t i o n  a n d  c l a r i f i c a t i o n  o f  t h e s e  c o n c e p t s .

3 . 2 . 1 D e r i v a t i o n  o f  W o r k i n g  E q u a t i o n s  A p p l i c a b l e  f o r  Oil/SPM  K i n e t i c s

T h e  c o l l i s i o n  f r e q u e n c y  f o r  d i l u t e  s u s p e n s i o n s  o f  p a r t i c l e s  i n  a

wel l-mixed volume can be expressed as

R - 1.3 [,/v] l/2 3
‘ri +  ‘J) ‘inj

where

(1)

R  fs  t h e  c o l l i s i o n  f r e q u e n c y

c i s  t h e  e n e r g y  d i s s i p a t i o n  p e r  u n i t  m a s s  o f  f l u i d  p e r  u n i t  t i m e
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v i s  t h e  k i n e m a t i c  v i s c o s i t y

r ., a r e  t h e  p a r t i c l e  radii  for  spec ies  ‘ i  and j
1 ‘ j

n .9 n j a r e  t h e  p a r t i c l e  n u m b e r  d e n s i t i e s  f o r  s p e c i e s  i  a n d  j
1

The rate of loss of p a r t i c l e s d u e  t o  c o l l i s i o n and s t ick ing  to  fo rm an

a g g l o m e r a t e  i s t h e  a b o v e e q u a t i o n  m u l t i p l i e d  b y  a  “ s t i c k i n g ”  c o e f f i c i e n t

d e n o t e d  a s  a ;  i . e . ,

R - -  1 . 3 a  [c/v] 1 ’ 2  (ri  +  rj)3  ninj

When the simpl i fy ing assumptions are made that oi l  droplets and SPM in a narrow

- s i z e range behave as a  monosized  p o p u l a t i o n , and when un i ts  are  conver ted to

c o n c e n t r a t i o n (mg/L)  i n s t e a d  o f  n u m b e r  d e n s i t i e s , an equation may be obtained

w h i c h  d e s c r i b e s  r e p r e s e n t a t i v e  i n t e r a c t i o n  r a t e s . The work ing equat ion  fo r  the

r a t e o f  l o s s  o f  o i l  d r o p l e t s  d u e  t o  c o l l i s i o n  a n d  a d h e r e n c e  t o  S P M  p a r t i c l e s

i s :

dC/dt  -  - 1 . 3  a [@]l/2  Cs (2)

where C and

r e s p e c t i v e l y .

I f

c o n c e n t r a t i o n

t o

s a re t h e  c o n c e n t r a t i o n s  f o r  o i l  d r o p l e t s  a n d  S P M  p a r t i c l e s ,

t h e  c o n c e n t r a t i o n  o f S PM i s  k e p t c o n s t a n t ( i . e . , the  SPM

i s  i n  g r e a t  e x c e s s ) , t h e n  t h e  e q u a t i o n  m a y  b e  f u r t h e r  s i m p l i f i e d

dC/dt --kC (3 )

1 / 2  ~where k - 1.3 a [c/v]  . I n t e g r a t i o n  o f  t h i s  e q u a t i o n  y i e l d s :

In  C/C - - k to (4 )
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where C is t h e i n i t i a l  o i l  c o n c e n t r a t i o n . T h i s  e q u a t i o n  i s  t h e  b a s i s  f o r
o

d e t e r m i n i n g k  f r o m  t h e  s l o p e  o f  t h e  m e a s u r e d  o i l - d r o p l e t  c o n c e n t r a t i o n  v e r s u s

t i m e  d a t a . The o i l -d rop le t  concent ra t ion  measurements  must  p lo t  as  a  s t ra igh t

l ine  in  o rder  to  ver i fy  the  assumpt ion  o f  excess  SPM.

3 . 2 . 2 Rate Constants for SPM Loses and Oil/SPM  Product ion

Exper imenta l measurements  as  presented in  Sect ion  5 .2  y ie ld  on ly  ra te

c o n s t a n t s f o r  o i l  d r o p l e t  l o s s e s ,  n o t  S P M  l o s s e s  o r  oil/SPM  a g g l o m e r a t e

p r o d u c t i o n . However, s i n c e  t h e  k i n e t i c s  d e s c r i b e  a  m a t e r i a l  b a l a n c e  f o r  t h e s e

t h r e e spec ies , t h e  l a t t e r  t w o  c o n s t a n t s  c a n  b e  d e r i v e d  i f  t h e  o i l  d r o p l e t  a n d

S P M  p a r t i c l e  ( a v e r a g e )  m a s s e s  a r e  k n o w n . The o i l  d rop le t  and SPM k ine t ic

e x p r e s s i o n  i s  b a s e d  o n  p a r t i c l e - p a r t i c l e  c o l l i s i o n  a n d  i s  r e w r i t t e n  i n  t e r m s  o f

spec ies concentrat ion of mass per volume. Thus , i f  one o i l  d rop le t  o f  mass M
c

“ r e a c t s ” w i t h o n e  S P M  p a r t i c l e  o f  m a s s .  M s , the rate of mass loss of SPM

r e l a t i v e  t o  o i l  w i l l  b e  Ms/Mc. To i l lus t ra te  th is  concept  in  a  m a t h e m a t i c a l

s e n s e ,  c o n s i d e r  t h e  r a t e  o f  c o l l i s i o n  a n d  s t i c k i n g  b e t w e e n  p a r t i c l e s  i  a n d  j :

R- kn.n
lj

where a l l .  t h e  p a r a m e t e r s  a r e  “ l u m p e d ”

d e n s i t i e s  ( i . e . , number  o f  par t ic les  per

o f  p a r t i c l e  i  i s

dni/dt  -  -  kn.n.
lJ

a n d  f o r  j  i s

d n j / d t  = - kn.n..
lJ

i n t o  k , and

unit  volume) .

n . and n. are number1 J
Now,  the  ra te  o f  loss

M u l t i p l y  b o t h s ides  o f  the  equat ion  fo r  the  ra te  o f  loss  o f  i  by  the  mass per

p a r t i c l e  i  t o  o b t a i n

dCi/dt  = - k C n
ij
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a n d  m u l t i p l y both  s ides  o f  the  equat ion  fo r  the  ra te  o f  loss  o f  j  by  the  mass

p e r  p a r t i c l e  j  t o  o b t a i n

d C j / d t  -  -  kn.C..
lJ

C o n t i n u i n g , m u l t i p l y a n d  d i v i d e  t h e  r i g h t - h a n d  s i d e  o f  d C i / d t  b y  t h e  ❑  a s s  o f

p a r t i c l e  j  t o  o b t a i n

dCi/dt  =
-  “icj’M.j”

L i k e w i s e , m u l t i p l y a n d  d i v i d e t h e  r i g h t - h a n d  s i d e  o f  dCj/dt  b y  t h e  m a s s  o f

p a r t i c l e  i  t o  o b t a i n

d C j / d t  -  -  kC,C1/M4.

N o w  s u p p o s e  t h e

measurements to be

~JL

r a t e c o n s t a n t f o r  t h e  l o s s  o f  o i l  d r o p l e t s  i s  “ k n o w n ”  f r o m

CYc i n  t h e  f o l l o w i n g  e x p r e s s i o n :

dC/dt  = -

a n d  i t  i s  r e q u i r e d

dS/dt  -  -

From the preceding

ac  Cs

t o  d e t e r m i n e  as in

as  Cs.

e q u a t i o n s , i t  can be s e e n  t h a t

aC = k/M
s

and

a =  k / M e s t a n d  a l o n e  a s  as - (Ms/Mc)  a= a s  a s s e r t e d .  L i k e w i s e ,  t h e
s

ra te  constant  fo r  oil/SPM  a g g l o m e r a t e  p r o d u c t i o n  i s

a =cz+a
w c so
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3 . 2 . 3

c o n s t a n t ,

Rate  Constant  Sca l ing Wi th  Respect  to  Par t i c le  S ize

I n  o r d e r  t o  i l l u s t r a t e h o w  t h e  r a t e  e q u a t i o n ,  a n d  h e n c e  t h e  r a t e

c h a n g e s  w i t h  r e s p e c t  t o  p a r t i c l e  s i z e , c o n s i d e r  t h e  d e f i n i n g  e q u a t i o n

as g iven in  the  prev ious  sec t ions

R - 1 . 3  [@J/2
3

‘ri +  ‘j) ‘iNj

where E is t h e e n e r g y  d i s s i p a t i o n  r a t e ’  p e r u n i t  m a s s  o f  f l u i d ,  u i s  t h e

k i n e m a t i c v i s c o s i t y ,  r and r . a r e  t h e  r a d i i  o f  p a r t i c l e s  i  a n d  j  p r e s e n t  a t
i J

n u m b e r  d e n s i t i e s  N i a n d  N . , M u l t i p l y i n g  a n d  d i v i d i n g  b y  t h e  m a s s  o f  p a r t i c l e s
J

i  a n d  j  y i e l d s

R - 1 . 3  [E/1/]1’2 ( ri  +  r j )
3  NiNj  (Mi/Mi)(Mj/Mj)

o r

R= 1 . 3  [,,”] 1/2 3
‘ r i  +  ‘ j)  cicj’(MiMj)

where now C and Ci j
a re  mass concent ra t ions ,

The mass o f  a  p a r t i c l e  i s  t h e  e q u i v a l e n t  v o l u m e  ( s p h e r i c a l )  m u l t i p l i e d  b y  t h e

p a r t i c l e  m a t e r i a l  i n t r i n s i c  d e n s i t y ,  o r  f o r  p a r t i c l e  i

M~ - PL ( 4 / 3 )  7rr3i

E l i m i n a t i n g  p a r t i c l e  m a s s e s  y i e l d s
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I n  o r d e r  t o  a c c o u n t  f o r “ s t i c k i n g ” t o  f o r m  a n  i - j  a g g l o m e r a t e ,  a  m u l t i p l i c a t i o n

f a c t o r  ~ i s  i n t r o d u c e d  t o  y i e l d

Ri.j  - ~“ ‘“[;]1’2 (W)’c,cj$X2 PiPj

Comparing t h e  a b o v e  t o t h e  w o r k i n g  e q u a t i o n

d a t a ,  i . e . ,

In  S e c t i o n  5 . 2  y i e l d s  t h e  i d e n t i f i c a t i o n  o f  a  a s

a= ,’”’p (%’)3+Z2 PiPj

Thus , t h e  r a t e c o n s t a n t  a varies as the above

r a d i i . S ince the  env i ronmenta l  sed iment  i s  no t

i n t e r p r e t e d a s  some e q u i v a l e n t  r a d i i  ( s u c h  a s

r a d i u s ) .

used to  ana lyze the labora tory

c u b i c  f u n c t i o n  o f  t h e  p a r t i c l e

s p h e r i c a l , these rad i i  must  be

that  s imi la r  to  an  aerodynamic

T h e r e f o r e , suppose that  a  ra te  constant  is  measured in  the labora tory

u s i n g  a sediment o f  e q u i v a l e n t ‘adius  ‘ j  1
( c o n d i t i o n s  #l)  and tha t  i t  i s

necessary t o  p r e d i c t t h e r a t e c o n s t a n t fo r  the  same type o f  sed iment  w i th

r a d i u s  r j2  ( c o n d i t i o n s  #2), D i v i d i n g  t h e  d e f i n i n g  e q u a t i o n  f o r  c o n d i t i o n  #2

b y  t h a t  f o r  #l  y i e l d s

[
s al (ri + ri?)ril  3

az ~i+ rjl)rjz 1
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F o r  t h e  p u r p o s e  of  i l l u s t r a t i o n  s u p p o s e  t h a t  r i d e n o t e s  a n  o i l  d r o p l e t

r a d i u s  o f  1  pm, r. denotes  the  f i rs t  exper imenta l  sed iment  rad ius  o f  5  pm,  and
Jl

t h e
‘j2 1s

second sediment radius of 10 pm. T h e n  by  d i r e c t  c a l c u l a t i o n  a 2 -

o.77a1. T h i s  e x a m p l e  i l l u s t r a t e s  t h a t  t h e  s e d i m e n t  c o n c e n t r a t i o n s  o f

cond i t ions  WI and #2 can remain the same, b u t  y e t  t h e  r a t e  c o n s t a n t  w i l l  c h a n g e

as the  sed iment  par t i c le  s ize  changes.

T h e s e  i l l u s t r a t i o n s  a r e i n t e n d e d  t o  p r o v i d e  a  b a s i s  f o r  s c a l i n g

spec i f i c  labora tory  resu l ts  to  o ther  cond i t ions  wh ich  may be encountered in  the

env i ronment . Note t h a t  t h e  l a b o r a t o r y  e x p e r i m e n t s  w e r e  c o n d u c t e d  u s i n g  o i l

d r o p l e t s w i t h  r a d i i  o n the order  o f  1-10 pm and sed iment  rad i i  on  the order

5 - 2 0  p m . If it is f o u n d  t h a t  o i l  d r o p l e t s  a n d  s e d i m e n t  i n  e n v i r o n m e n t a l

s i t u a t i o n s a r e  s i g n i f i c a n t l y  d i f f e r e n t , then the above equation can be used to

pred ic t  the  net  change o f  the  ra te  constant  f rom known cond i t ions .
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4 . 0 METHODS AND MATERIALS

4 . 1 SPM SAMPLING AND CHARACTERIZATION

I n  o r d e r  t o  e x a m i n e  t h e  e f f e c t s  o n  i n t e r a c t i o n  r a t e  c o n s t a n t s  a r i s i n g

f r o m  v a r i a t i o n s in  SPM types , a  t o t a l  o f  e i g h t  s e d i m e n t  t y p e s  w e r e  c o l l e c t e d

and t e s t e d  a c c o r d i n g t o  p r o c e d u r e s  p r o v i d e d  i n  S e c t i o n s  4 . 2 ,  4 . 3 ,  a n d  4 . 4 .

T h i s s e c t i o n presents  the  co l lec t ion  methods used to  acqu i re  the  sed iment /SPM

t y p e s  d e e m e d  r e p r e s e n t a t i v e  o f  c o a s t a l  A l a s k a n  w a t e r s .

m e t h o d  p r o c e d u r e s o r  r e f e r e n c e s , w h e r e  a p p r o p r i a t e ,  f o r

c h a r a c t e r i z a t i o n  p a r a m e t e r s .

A lso  prov ided are  the

t h e  p h y s i c a l / c h e m i c a l

Co l lec t ion  Methods

The e igh t

ed below:

t y p e s  o f  sediment/SPM  a n d  t h e  m e t h o d  o f  c o l l e c t i o n  a r e  l i s t -

1 )  Turnaga in  Arm - s e a w a t e r  f i l t r a t i o n

2 )  G r e w i n g k  G l a c i e r  - sed iment  sur face scrap ing

3 )  Jakolof  B a y  - sed iment  sur face scrap ing

4)  Prudhoe Bay - ocean sediment grab sample

5) Kotzebue  -  ocean sed iment  grab sample

6)  Peard  Bay - ocean sediment grab sample

7 )  B e a u f o r t  S e a  - ocean sediment grab sample

8 )  Y u k o n  D e l t a  - sed iment  sur face scrap ing

SPM was c o l l e c t e d  n e a r s h o r e  f r o m  t h e  w a t e r  c o l u m n  i n  T u r n a g a i n  A r m

( C o o k  I n l e t , near Anchorage, AK) on November 7, 1987. R e l a t i v e l y  h i g h  t u r b u -

l e n c e leve ls  were  encountered dur ing  the  SPM sampl ing  as  ind ica ted by  v is ib ly

h i g h  c u r r e n t  v e l o c i t i e s  a t  t h e  S P M  s a m p l i n g  l o c a t i o n s . The purpose o f  co l lec t -

i n g true SPM was for comparison with samples col lected from sedimented sources

( a l l  t h e  o t h e r  t y p e s ) . The Turnagain Arm SPM was obtained by pumping seawater

t h r o u g h  a l - p m  g r a d e , porous, s t a i n l e s s - s t e e l  f i l t e r  t h a t  h a s  a  s u r f a c e
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area o f  a p p r o x i m a t e l y  0 . 5 2 . A  doub le-ac t ing  d iaphragm pump,  tha t  de l ivered

r o u g h l y  5 0  p s i  a t  t h e  f i l t e r  h o u s i n g , w a s  e m p l o y e d  t o  c o l l e c t  s u f f i c i e n t

quant i t ies  o f  SPM f o r  e x p e r i m e n t a l  a n d  c h a r a c t e r i z a t i o n  p u r p o s e s .

Sediments f r o m  G r e w i n g k  G l a c i e r a n d  Jakolof  B a y  w e r e  c o l l e c t e d  i n

August and November 1987, respectively, by  care fu l ly  scrap ing the  uppermost  2-5

mm o f t h e  s u r f a c e  o f  d e p o s i t i o n a l  a r e a s . The sediment from Grewingk Glacier,

located on the southern  por t ion  o f  the  Kenai  P e n i n s u l a ,  w a s  o b t a i n e d  f r o m  e d d y

areas a long Grewingk Creek, w h i c h  f l o w s  f r o m  t h e  g l a c i a l  m e l t  w a t e r  l a k e  i n t o

Kachemak  B a y . Jakolof  Bay i s  a n  estuarine  a r e a , a lso  located o f f  o f  Kachemak

Bay,  tha t  rece ives  f reshwater  input  f rom Jakolof  C r e e k . A t  t h i s  s i t e ,  t h e  seci-

iment was

c e n t e r o f

capped jars

acqu i red f rom depos i t iona l  a reas uncovered a t  low t ides  towards  the

t h e  b a y . The harves ted sed iments  were  p laced in to  Tef lon  screw-

a n d  f r o z e n  u n t i l  p r e p a r a t i o n  p r i o r  t o  t e s t i n g  ( s e e  S e c t i o n  4 . 2 . 3 ) .

T h e  r e m a i n i n g  s e d i m e n t s - - B e a u f o r t S e a ,  Kotzebue,  Yukon De l ta ,  Peard

Bay, a n d  P r u d h o e  B a y - - w e r e col lected as part of other NOth4 o r  M M S  s p o n s o r e d

p r o j e c t s . Wi th  the  except ion  o f  the  Yukon De l ta  sed iment ,  a l l  were  co l lec ted

u s i n g  a grab sampler  by  Erk  Reimnitz  dur ing  August  and September  1985,  The

B e a u f o r t Sea sediment was obtained midway between Harr ison Bay and Barrow, in

36 m of water, with the f o l l o w i n g  i d e n t i f i e r s : 85-AER-5,  Line 15, JD 243.

P e a r d  B a y  s e d i m e n t (85-AER-2)  w a s col lected in 52 ft  of water, NNW of Cape

F r a n k l i n . Prudhoe Bay s e d i m e n t  (85-AER-8)  was col lected < 200 m west of W.

Dock in 1.5 m of water. The sampling si te for Kotzebue  sed iment  was located

w e s t  o f  Kotzebue  in  63 f t  o f  water . The sediment obtained from the Yukon Delta

w a s  c o l l e c t e d  b y  L t . Cmdr.  Mike  Myers  us ing  sur face-scrape techn iques. All  o f

these s e d i m e n t  s a m p l e s  w e r e  f r o z e n  a f t e r  c o l l e c t i o n  until  the i r  use dur ing  in -

t e r a c t i o n  t e s t i n g .

I n  a d d i t i o n ,  p e a t - - a n  o r g a n i c ,  nonsedimentary  m a t e r i a l - - w a s  s u b j e c t e d

t o i n t e r a c t i o n r a t e  d e t e r m i n a t i o n s . T h e  p e a t  w a s  c o l l e c t e d  b y  B i l l  Benji  of

MMS in  August  1986 a long the  coast  o f  the  Beaufor t  Sea and f rozen unt i l  tes ts

were conducted in July 1988.
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Charac ter iza t ion  Methods

Each o f  the  e igh t  sed iments /SPM types l i s ted  above were  charac ter ized

f o r  t h e  f o l l o w i n g  c h e m i c a l  o r  p h y s i c a l  p r o p e r t i e s :  t o t a l  o r g a n i c  c a r b o n  (TOC),

g r a i n s ize ,  hydrocarbon content ,  minera logy , so l ids  dens i ty ,  and number  dens i -

ty , A m e t h o d  r e f e r e n c e  o r  p r o c e d u r a l  a c c o u n t  i s  p r o v i d e d  b e l o w  f o r  e a c h  o f

these parameters , and results of the measurements can be found in Section 5.1.

●

e

●

o

●

●

TOC leve ls  were  de termined accord ing ’  to  mod i f ied  ( fo r  so l ids)  EPA
method 415. A Zirtex  Dorman Model #PIR-2000  TOC analyzer accom-
p l i s h e s carbon compound ox idat ion  by  pyrolosis  with the generated
C 02 c o n c e n t r a t i o n  m e a s u r e d  w i t h  a n  i n f r a r e d  (lR)  d e t e c t o r .

Grain-size  d i s t r i b u t i o n s  w e r e measured by the Pipette Method of
P a r t i c l e - S i z e  A n a l y s i s , as  descr ibed in  Methods o f  So i l  Ana lys is ,
P a r t  1  P h y s i c a l  a n d  M i n e r a l o g i c a l  P r o p e r t i e s  (C.A.  B l a c k ,  et  a l . ,
1965 ).

S o l i d s - d e n s i t y measurements were made using a pyncnometer  accord-
i n g to  Method BS 1377:1975,  Test 6 (B), which can be found in the
M a n u a l  o f  S o i l  L a b o r a t o r y  T e s t i n g ,  Vol.1,  Soil  C l a s s i f i c a t i o n  a n d—.
Compaction Tests.

M i n e r a l o g y  w a s d e t e r m i n e d  w i t h  a  P h i l i p s  E l e c t r o n i c s  X - r a y  d i f -
f rac tometer  equ ipped wi th  a  c rys ta l  monochrometer . Deta i led  meth-
od descr ip t ions  a long wi th  ins t rument  opera t ing  parameters  can be
found in Appendix C,

N u m b e r  d e n s i t i e s  w e r e obta ined by  photomicroscopy  techn iques as
d e t a i l e d  i n  S e c t i o n  4 . 2 . 6 .

H y d r o c a r b o n - c o n t e n t  d e t e r m i n a t i o n s  w e r e accompl ished by  so lvent.
ext rac t ion  w i th  vo lume reduct ion  and subsequent -ana lys is -  by  f lame
i o n i z a t i o n  d e t e c t o r  g a s  c h r o m a t o g r a p h y  (FID-GC).  B r i e f l y ,  a p p r o x -
imate ly  20  g  (wet  we ight )  o f  sed iment  were  ex t rac ted w i th  50  ml  o f
methano l , f o l l o w e d  b y 50 ml of 1:1  m e t h a n o l :  D C M ,  a n d ,  f i n a l l y ,
t w o  5 0 - m l  p o r t i o n s  o f  D C M . All  e x t r a c t s were combined and
back-ex t rac ted w i th  50  ml  o f  3% sa l twater ,  wh ich  was subsequent ly
extracted with 25 ml DCM, which is added to the combined extracts.
S o l v e n t - r e d u c t i o n techniques employed the standard Kuderna-Danish
c o n c e n t r a t o r s ; i n s t r u m e n t a l  a n a l y s i s  b y  FID-GC  is  descr ibed in  de-
t a i l  i n  P a y n e  e t  a l .  ( 1 9 8 4 a ) .

4 . 2 WHOLE-OIL DROPLET/SUSPENDED PARTICULATE MATERIAL (SPM) INTERACTIONS

T h e  a p p a r a t u s a n d  e x p e r i m e n t a l  p r o t o c o l  u s e d  t o  o b t a i n  k i n e t i c  r a t e  c o n -

s tants  fo r  in terac t ions  between d ispersed who le-o i l  d rop le ts  and SPM in  a  water

70



co lumn are  s imi la r  to  those descr ibed in  Payne e t  a l .  (1987b). F o r  t h e  c u r r e n t

NOAA-sponsored program, t h e  p r o t o c o l s  f o r  t h e  w h o l e - o i l  droplet/SPM  i n t e r a c t i o n

e x p e r i m e n t s  a r e  d e s c r i b e d  i n  S e c t i o n s  4 . 2 . 1  t h r o u g h  4 . 2 . 7 . V a r i a b l e s  i n c o r p o -

r a t e d i n t o e x p e r i m e n t s  f o r  t h e  r a t e  c o n s t a n t  m e a s u r e m e n t s  a r e  d e s c r i b e d  i n

S e c t i o n

Kasitsna

4 . 2 . 1

4 . 2 . 8 . All  exper iments  were  per formed a t  the  NOAA f ie ld  labora tory  a t

Bay, AK.

React ion  Vesse l

A l l  who le  o i l  droplet-SPM  i n t e r a c t i o n  e x p e r i m e n t s  w e r e  p e r f o r m e d  w i t h

t h e c o n f i g u r a t i o n shown schemat ica l l y  in  F igure  4-1 . Photographs of the com-

p l e t e a p p a r a t u s  ( i n c l u d i n g  a s t i r r e d  r e a c t i o n  v e s s e l )  a n d  a  c l o s e - u p  o f  t h e

torque meter  are  shown in  F igures  4-2  and 4-3 ,  respect ive ly . The reac t ion  ves-

s e l was n o r m a l l y  a  4 - L  g l a s s  b e a k e r , a l t h o u g h a 1O-L beaker was used on

occas ion. Vo lumes for  reac t ion  so lu t ions  were  e i ther  3 .5  or  9 .5  L  in  the  4-  or

1 O - L  v e s s e l s , r e s p e c t i v e l y , T h e  s h a f t  a n d  p r o p e l l e r  c o n n e c t e d  t o  t h e

v a r i a b l e - s p e e d motor were used to  genera te  spec i f ied  tu rbu lence leve ls  in  the

e x p e r i m e n t a l r e a c t i o n s o l u t i o n . T o r q u e  a n d  r e v o l u t i o n s - p e r - m i n u t e  (rpm)  gen-

era ted by  the prope l le r  were recorded wi th  a  to rque meter  and an rpm-counting

dev ice  connected in - l ine  between the motor  and the prope l le r  shaf t . The torque

meter was purchased f rom Genera l  Thermodynamics  (Mode l  M-1  w i th  to rs ion  bar

#Ml -005) . T h e  d i g i t a l  rpm-counting  d e v i c e  w a s  c o n s t r u c t e d  f o r  t h i s  p r o j e c t .

The torque and rpm measurements were used to est imate values for energy dissi-

p a t i o n  p e r  u n i t  t i m e  i n  t h e  r e a c t i o n  s o l u t i o n .

4 . 2 . 2 Prepara t ion  o f  Water  fo r  React ion  So lu t ions

Seawater

ing  system at the

ing s y s t e m  f r o m

for  exper iments  was obta ined f rom the res ident  seawater  pump-

l a b o r a t o r y . Freshwater was obtained through a separate pump-

a  n a t u r a l  c r e e k  a d j a c e n t  t o  t h e  l a b . L a r g e r  p a r t i c l e s  w e r e

i n i t i a l l y  r e m o v e d f r o m  b o t h  t h e  s e a w a t e r  a n d  f r e s h w a t e r  b y  v a c u u m - f i l t r a t i o n

t h r o u g h  g l a s s - f i b e r  f i l t e r s  ( 1  pm n o m i n a l  p o r e  s i z e ) . All  o f  t h i s  prefiltered

w a t e r t h e n r e c e i v e d a f ina l  vacuum f i l t ra t ion  th rough polycarbonate  m e m b r a n e

f i l te rs  (0 .4  pm p o r e  s i z e )  i m m e d i a t e l y  b e f o r e  u s e  i n  e x p e r i m e n t s .
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Figure 4-2. Photograph of the Complete Stirred Reaction Apparatus
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Figure 4-3. Photograph of Torque Meter
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4 , 2 . 3 Prepara t ion  o f  SPM for  React ion  So lu t ions

As e l a b o r a t e d  i n  S e c t i o n  4 . 2 . 8 . 1 ,  a  v a r i e t y  o f  p a r t i c u l a t e  t y p e s  w e r e

u t i l i z e d in oil droplet/SPM  i n t e r a c t i o n  e x p e r i m e n t s . These SPM types included

e i g h t n a t u r a l  s e d i m e n t s , one natural marine SPM and two commercial ly avai lable

p a r t i c l e  p h a s e s . I f  no t  used immedia te ly , the natural sediment and SPM phases

were s tored f rozen. Immedia te ly  p r io r  to  exper iments , a l l  o f  t h e  n a t u r a l  s e d i -

ments w e r e  p r e s i z e d  w i t h  a  5 3  pm g e o l o g i c a l  s i e v e  a n d  o n l y  p a r t i c l e s  p a s s i n g

t h r o u g h  t h e  s i e v e  ( i . e . , p a r t i c l e s  < 53 pm i n  d i a m e t e r )  w e r e  u s e d . N e i t h e r  t h e

n a t u r a l  m a r i n e S P M  n o r  t h e  c o m m e r c i a l l y a v a i l a b l e  p a r t i c u l a t e  p h a s e s  w e r e

s i e v e d  p r i o r  t o  t h e i r  u s e  i n  e x p e r i m e n t s .

4 . 2 . 4 Prepara t ion  o f  D ispersed Oi l  Drop le ts  fo r  React ion  So lu t ions

Dispersed o i l  d rop le ts  in  aqueous phases for  exper iments  were  prepared

w i t h  a  d e f i n e d  p r o t o c o l . The pro toco l  invo lved mechan ica l  b lend ing o f  a  spec i -

f i e d  a m o u n t  o f  o i l  i n  7 5 0  m l  o f  0 . 4  ~m f i l t e r e d  w a t e r  ( S e c t i o n  4 . 2 . 2 )  i n  a  COITI-

mercial m u l t i p l e - s p e e d  b l e n d e r  ( i . e .  , Hamil ton Beach Scovill  7-Speed Blender).

Q u a n t i t i e s o f  o i l  u s e d  i n  t h e  “ b l e n d i n g ”  p r o c e s s  i n c l u d e d  4 ,  1 6 ,  o r  6 4  d r o p s

for  unweathered o i ls  ( i .e . ,  Prudhoe Bay crude and No.  1  fue l  o i l ) ;  6 ,  24 ,  o r  96

d r o p s  f o r  1 2  d a y w e a t h e r e d  P r u d h o e  B a y  c r u d e  o i l ;  o r  r e c o r d e d  w e i g h t s  f o r

n a t u r a l l y  w e a t h e r e d  N o r t h  S l o p e  c r u d e  o i l  r e c o v e r e d  f r o m  t h e  R / T  G l a c i e r  B a y

s p i l l event  in  Ju ly  1987 in  Cook In le t ,  AK. To produce d ispersed o i l  d rop le ts

i n t h e  d e s i r e d  s i z e r a n g e  o f  1 - 1 0  pm in the 750 mL “ b l e n d i n g ”  s o l u t i o n ,  t h e

p r e p a r a t i v e  p r o c e d u r e r o u t i n e l y  i n v o l v e d  t h e  f o l l o w i n g  s t e p s :  t h e  b l e n d e r  w a s

1 )  t u r n e d  “ o n ” a t  a  s p e c i f i e d  s e t t i n g  ( “ 6 ” )  fo r  5  see,  2)  “o f f ”  fo r  60 sec and

3) “on ” f o r  a n a d d i t i o n a l  5  s e c . A f t e r  r e m a i n i n g  s t a t i o n a r y  f o r  5  r e i n ,  t h e

l a r g e r  o i l  d r o p l e t s f o r m i n g  a  s l i c k  o n  t h e  s u r f a c e  o f  t h e  “ b l e n d e d ”  s o l u t i o n

were r e m o v e d  w i t h  sorbenc  t i s s u e s . Observat ions  w i th  a  l igh t  mic roscope (see

S e c t i o n  4 . 2 . 6 )  i n d i c a t e d  t h a t  o i l  d r o p l e t s  r e m a i n i n g  i n  s u s p e n s i o n  o f  t h e  f i n a l

“ b l e n d e d ” s o l u t i o n s  ( i . e .  , a f t e r  r e m o v a l  o f  t h e  s u r f a c e  o i l  s l i c k )  w e r e  a l m o s t

always < 10 pm in  d iameter . F igures  4-4 , 4-5  and 4-6  present  FID-GC  chromato-

g r a m s  d e p i c t i n g the in i t ia l  3 .5- re in  and 26- re in  reac t ion  t ime sample  fo r  f resh

P r u d h o e  B a y  c r u d e , 12-day weathered Prudhoe Bay crude,  and No.  1  fue l  o i l ,

r e s p e c t i v e l y . As seen, minor  amounts  o f  the  l igh ter  we ight  compounds are  los t
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Figure 4-5. GC/FID Chromatograms  Depicting: A)
B) time 3.5 min., and C) time 26 min.

7 7

12day weathered Prudhoe Bay crude time,



(’I

L 1 L

B

c
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d u r i n g the b lend ing process for  the  fue l  oil  a n d  t h e  f r e s h  P r u d h o e  B a y  c r u d e ;

however, t h e c o m p o s i t i o n  o f t h e o i l remains  unchanged dur ing the react ion

exper iment .

4 . 2 . 5 St i r red  React ion  Vesse l  Exper iment  fo r  Whole-Oi l  Droplet/SPM
I n t e r a c t i o n s

For  exper iments  conta in ing  both  d ispersed o i l  d rop le ts  and SPM,  a  vo l -

ume of  a  parent  SPM so lu t ion  (Sect ion  4 .2 .3)  was added to  the  s t i r red  reac t ion

v e s s e l c o n t a i n i n g  a n  a p p r o p r i a t e  v o l u m e  of  0.4 pm f i l t e r e d  w a t e r  ( i . e . ,  e i t h e r

seawater , f r e s h w a t e r , or a 1:1  V :V  m i x t u r e  o f  s e a w a t e r  a n d  f r e s h w a t e r ;  S e c t i o n

4 . 2 . 2 ) . The volume of parent SPM solut ion added to the react ion vessel was ad-

j u s t e d  t o  e n s u r e  t h a t  n u m b e r  d e n s i t i e s  o f  S P M  p a r t i c l e s  w o u l d  b e  s u b s t a n t i a l l y

in  excess o f  those fo r  d ispersed o i l  d rops. Number density rat ios for SPM par-

t i c l e s  t o o i l  d r o p l e t s  a t t h e s t a r t of  exper iments  were  a lways  >  3 .  The

exper iment w a s  i n i t i a t e d  u p o n a d d i t i o n  o f  t h e  “ b l e n d e d ”  o i l  s o l u t i o n  t o  t h e

r e a c t i o n vesse l  conta in ing  the  f i l te red  water  and SPM. T o t a l  s o l u t i o n  v o l u m e s

f o r  e x p e r i m e n t s  ( i . e . ,  f i l t e r e d  w a t e r  + “blended”  oil so lu t ion  +  SPM)  were  3.5

L  a n d  9 . 5  L  f o r  t h e  4 -  a n d  1 O - L  r e a c t i o n  v e s s e l s ,  r e s p e c t i v e l y .  A1l  ex.

per iments were conducted at room temperature, w i t h  s o l u t i o n  t e m p e r a t u r e s  r a n g -

ing between 17°C and 23°C over al l  experiments.

For t h e  p u r p o s e o f  d e t e r m i n i n g  t h e  o i l  droplet/SPM  i n t e r a c t i o n  r a t e

c o n s t a n t i n  a  g i v e n  e x p e r i m e n t ,  5 0  pL  aliquots  o f  the  s t i r red  o i l  droplet-SPM-

w a t e r s o l u t i o n were removed f rom the  reac t ion  vesse l  a t  spec i f ied  t imes and

t r a n s f e r r e d  t o s p e c i a l l y  d e s i g n e d microscope s l ides  tha t  served as  count ing

chambers. Times f o r  c o l l e c t i o n  o f  5 0  pL  aliquots  were 1 ,  2 ,  3 ,  5 ,  7 ,  9 ,  11,

13, 15, 2 0  a n d  2 5  m i n  a f t e r  t h e  a d d i t i o n  o f  t h e  “ b l e n d e d ”  o i l  s o l u t i o n  t o  t h e

r e a c t i o n v e s s e l . D iscuss ions  o f  the  des ign o f  the  microscope s l ide-count ing

chambers a n d  t h e i r  u t i l i z a t i o n  f o r  o i l  d r o p l e t  a n d  S P M  n u m b e r - d e n s i t y  d e t e r m i -

n a t i o n s a r e  p r e s e n t e d i n  S e c t i o n  4 . 2 . 6 . I n  a d d i t i o n  t o  t h e  5 0  ML aliquots

t r a n s f e r r e d  t o t h e  m i c r o s c o p e s l i d e s , two 50-mL  samples  were  a lso  co l lec ted

f r o m  t h e  h o m o g e n e o u s l y  s t i r r e d  s o l u t i o n  i n  t h e  r e a c t i o n  v e s s e l  n e a r  t h e  b e g i n -

n i n g and end of each experiment (e.g. ,  at 3.5 and 26 rein). The la t te r  samples

were u s e d  t o determine to ta l  SPM loads and suspended o i l  quant i t ies  in  the
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r e a c t i o n s o l u t i o n ( S e c t i o n  4 . 2 . 7 )  a n d  t o  a s s e s s  t h a t  t h e s e  q u a n t i t i e s  d i d  n o t

change substant ia l l y  over  the  course o f  the  exper iment .

I n  a d d i t i o n  t o  t h e  a b o v e - d e s c r i b e d  e x p e r i m e n t s  t h a t  i n c l u d e d  a d d i t i o n s

o f  b o t h  o i l  d r o p l e t s  a n d  S P M  t o  r e a c t i o n  v e s s e l  s o l u t i o n s ,  c o n t r o l  e x p e r i m e n t s

were c o n d u c t e d  o n  a r o u t i n e  b a s i s . These experiments were performed in a

manner i d e n t i c a l  t o that  descr ibed above, e x c e p t  t h a t  e i t h e r  o i l  d r o p l e t s  o r

SPM par t ic les  were  not  added to  the  reac t ion  so lu t ions .

4 . 2 . 6 Determinat ion of Whole-Oil  Droplet and SPM Number Densit ies in
R e a c t i o n  S o l u t i o n s

T o  e s t i m a t e  r a t e  c o n s t a n t s f o r  i n t e r a c t i o n s  b e t w e e n  d i s p e r s e d  o i l

d r o p l e t s a n d  S P M  i n  a n  e x p e r i m e n t ,  n u m b e r  d e n s i t i e s  o f  “ f r e e ”  oil  d r o p l e t s

( i . e . , d r o p l e t s wi thout  assoc ia ted SPM) had to  be  determined over  t ime dur ing

exper iments . Because o f  dens i ty  d i f fe rences between the o i l  d rop le ts  and the

aqueous media in experiments, t h e  “ f r e e ”  o i l  h a d  a  n a t u r a l  t e n d e n c y  t o  r i s e  t o -

w a r d  t h e  s u r f a c e  o f  s o l u t i o n s . R i s e  v e l o c i t i e s  o f  a p p r o x i m a t e l y  0 . 4  Nm/sec  (or

1 5  mmfir)  f o r “ f ree”  o i l  d rop le ts  w i th  a  5  pm d i a m e t e r  a n d  a  d e n s i t y  o f  0 . 8 - 0 . 9

g/cm3 were e s t i m a t e d  u s i n g Stokes Law. I n  c o n t r a s t , oi led SPM agglomerates

( i . e . , o i l  d r o p l e t s  t h a t  h a d “reacted” with SPM) as wel l  as “unreacted”  SPM had

d e n s i t i e s  g r e a t e r  t h a n that  o f  the  aqueous medium,  caus ing these par t icu la te

p h a s e s  t o s ink  in  the  aqueous medium. These dens i ty  d i f fe rences between the
,!free!l o i l  d r o p s  a n d that of the oil/SPM  a g g l o m e r a t e s  a n d  “ f r e e ”  S P M  w e r e

s u b s e q u e n t l y u s e d  t o  d i s t i n g u i s h  n u m b e r  d e n s i t i e s  o f  “ f r e e ”  o i l  d r o p l e t s  o v e r

t i m e  i n  e x p e r i m e n t s  f o r  t h e  p u r p o s e  o f  e s t i m a t i n g  o i l  droplet/SPM  i n t e r a c t i o n

r a t e  c o n s t a n t s .

D u r i n g

c o l l e c t e d  o v e r

shown in Figure

a  s t i r r e d  v e s s e l  e x p e r i m e n t  ( S e c t i o n  4 . 2 . 5 ) ,  e a c h  5 0  PL aliquot

t i m e was t rans fer red onto  the  midd le  o f  a  microscope s l ide  as

4 - 7 . The microscope s l ide  conta ined two s tacked cover  s l ips  a t

each end. The he ight

f i n a l  c o v e r s l i p was

“ c a p p i n g ” t h e sample

water/oil/SPM  d r o p l e t ,

o f  the  s tacked cover  s l ips  was approx imate ly  0 .5  mm.  A

t h e n  p l a c e d  o n t o p  o f the  end s tacks , e f f e c t i v e l y

a n d  p r o v i d i n g f l a t  u p p e r a n d  l o w e r  s u r f a c e s  t o  t h e

A sample  vo lume o f  50  pL  was su f f i c ien t  to  ensure  tha t
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t h e aqueous so lu t ion  on the s l ide  contac ted the undersur face o f  the  top cover

s l i p ,  y i e l d i n g a to ta l  sample  depth  o f  approx imate ly  0 .5  mm on the  s l ide .  At

t h e S t o k e s  r i s e  v e l o c i t y  s p e c i f i e d  a b o v e  f o r  5 - p m  d i a m e t e r  oil  d rop le ts  ( i .e . ,

. 1 5  mm/hr), a l l  “ f r e e ”  o i l  d r o p l e t s  i n  t h e  s a m p l e  o n  t h e  s l i d e  w o u l d  r e a c h  t h e

upper cove r s l ip  in  approx imate ly  LOO sec . I n  c o n t r a s t , oil/SPM  agglomerates

and “ f ree”  SPM on the  s l ide  wou ld  s ink  to  the  bot tom of  the “capped” sample.

A  Nikon  Labophot  l i g h t  m i c r o s c o p e (#HFX-11)  e q u i p p e d  w i t h  p h a s e

contrast and 35mm and Polaroid f i lm camera attachm~nts  was used to photographi-

c a l l y  d o c u m e n t  n u m b e r  d e n s i t i e s  a n d  v i s i b l e  c h a r a c t e r i s t i c s  o f  “ f r e e ”  o i l  d r o p -

l e t s , oil/SPM  agg lomerates ,  and “free” SPM in  samples on the microscope sl ides.

A l l  photomicrographs were  taken a t  a  magn i f i ca t ion  o f  100X, Because of depth-

o f - f i e l d  f o c u s  c o n s i d e r a t i o n s , on ly  “ f ree”  o i l  d rop le ts  were  o b s e r v e d  w h e n  t h e

f o c a l  p l a n e  o f the microscope was adjusted to the top of the “capped” sample

( i . e . , t h e  u n d e r s u r f a c e  o f  t h e  t o p  c o v e r  s l i p ) . “ F r e e ” SPM and oil/SPM  agglom-

e r a t e s t h a t sank to the bottom of the water/oil/SPM  sample  on the  s l ide  were

n o t v i s i b l e  i n t h e  f o c a l  p l a n e  o f  t h e  “ f r e e ”  o i l  d r o p l e t s . B y  a d j u s t i n g  t h e

f o c a l  p l a n e  d o w n ,  h o w e v e r , SPM and oil/SPM  agglomerates could be observed in

t h e a b s e n c e  o f  a n y  v i s i b l e  “ f r e e ”  o i l  d r o p l e t s . T o  e n s u r e  s u f f i c i e n t  t i m e  f o r

t h e necessary  ver t ica l  separa t ions  between “ f ree”  o i l  d rop le ts  and the  SPM and

oil- S P M  a g g l o m e r a t e s  o n  a  s l i d e , samples  were  rout ine ly  no t  counted unt i l

1 5 - 3 0  m i n  a f t e r  t h e y  w e r e  c o l l e c t e d  f r o m  t h e  s t i r r e d  r e a c t i o n  v e s s e l .

Photomicrographs  were  a lso  obta ined o f  a  s tage micrometer . Comparison

between photomicrographs of  the  mic rometer  and sample  s l ides  made i t  poss ib le

t o  d e t e r m i n e t h e  s i z e s  o f  oil  d r o p l e t s , SPM, and oil/SPM  agglomerates as wel l

as t h e  h o r i z o n t a l  d i m e n s i o n s  f o r  t h e  e n t i r e  f i e l d  o f  a  p h o t o m i c r o g r a p h . The

c o m b i n a t i o n  o f t h e  h o r i z o n t a l  d i m e n s i o n s  o f  t h e  photomicrograph  f ie ld  and the

t o t a l s a m p l e  d e p t h  o n  t h e  m i c r o s c o p e  s l i d e  ( i . e . , 0.5 mm) made i t  possible to

e s t i m a t e t h e t o t a l sample  vo lume conta ined in  the  overa l l  f ie ld  o f  v iew o f  a

photomicrograph. Consequent ly , number  dens i t ies  per  photomicrograph for  “ f ree”

o i l  d r o p l e t s  ( u p p e r  f o c a l  p l a n e  o f the  s l ide)  as  we l l  as  SPM and oil/SPM

agglomerates ( l o w e r  f o c a l  plane) could  b e  t r a n s f o r m e d  i n t o  v a l u e s  p e r  u n i t

volume for a sample.
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Al though photomicrographs o f  sample  s l ides  were  obta ined wi th  both  35

mm black-and-white (Kodak TMAX-1OO) and Polaroid f i lm, the 35 mm medium was

p r e f e r r e d  d u e  t o i t s  s l i g h t l y  b e t t e r  r e s o l u t i o n  p r o p e r t i e s .  F o r  e a c h  s a m p l e ,

f i ve  f ie lds-o f -v iew were  randomly  chosen fo r  photograph ic  documenta t ion  o f  num-

b e r  d e n s i t i e s  o f  e i t h e r “ f ree”  o i l  d rop le ts  (upper  foca l  p lane)  and/or  SPM and

oil/SPH  a g g l o m e r a t e s  ( l o w e r  f o c a l  p l a n e ) .  M e a n  v a l u e s  f o r  n u m b e r s  o f  “ f r e e ”

o i l d r o p l e t s in  the  f i ve  f ie lds  on a  g iven sample  s l ide  were  used in  ca lcu la-

t ions  fo r  o i l  droplet/SPM  i n t e r a c t i o n  r a t e  c o n s t a n t s  ( s e e  S e c t i o n  5 . 2 ) .

4 . 2 . 7 Determinat ion  o f  To ta l  SPM and Oi l  Quant i t ies  in  React ion  So lu t ions

T h e  50-mL  s a m p l e  v o l u m e s  c o l l e c t e d  n e a r  t h e  b e g i n n i n g  a n d  end  o f

s t i r r e d react ion  vesse l  exper iments  were  used to  obta in  es t imates  fo r  bo th  to -

t a l o i l  loads  and to ta l  SPM in  a  g iven exper iment . T h e  p r o c e d u r e  i s  i d e n t i c a l

t o t h a t  d e s c r i b e d  i n  P a y n e  e t  a l .  (1987b). B r i e f l y ,  t h e  50-mL  v o l u m e  for  a

g i v e n sample was v a c u u m - f i l t e r e d (< 10 cm Hg) through a preweighed, 47-mm

d i a m e t e r p o l y e s t e r m e m b r a n e  f i l t e r  (0.4-~m  p o r e  s i z e ;  Nuclepore).  If the

e x p e r i m e n t a l aqueous medium was compr ised of  full  o r  p a r t i a l  s e a w a t e r ,  t h e

f i l t e r r e c e i v e d a  f i n a l  v a c u u m  r i n s e  w i t h  f r e s h w a t e r  t o  r e m o v e  r e s i d u a l  s e a

s a l t s . A l l  s e a w a t e r a n d  f r e s h w a t e r  f i l t r a t e s  w e r e  d i s c a r d e d . S e q u e n t i a l

v a c u u m  f i l t r a t i o n s  t h r o u g h  t h e  f i l t e r  w e r e  t h e n  p e r f o r m e d  w i t h  1) 10 mL

methanol a n d  2 )  3 0  mL methylene  c h l o r i d e , T h e  l a t t e r  s o l v e n t  f i l t r a t e s  w e r e

re ta ined fo r  the  o i l  load measurements .

For  a  to ta l  SPM load determinat ion , the  so lvent - r insed po lyes ter  mem-

brane f i l t e r  w a s  p l a c e d  i n  a  d e s i c c a t o r  u n t i l  c o n s t a n t  filter  w e i g h t  m e a s u r e -

ments were o b t a i n e d . T h e  d i f f e r e n c e  b e t w e e n  t h e  i n i t i a l  t a r e  w e i g h t  f o r  t h e

f i l t e r  a n d  i t s  f i n a l  w e i g h t  c o n t a i n i n g  s o l v e n t - r i n s e d  S P M  w a s  u s e d  t o  d e t e r m i n e

t h e t o t a l SPM load  in  the s a m p l e . B e c a u s e  the  p o l y e s t e r  f i l t e r s  w e r e  h i g h l y

e f f i c i e n t  i n r e t a i n i n g ll.freel! o i l  d r o p l e t s  a s  w e l l  a s  SPEi, t h e  f i n a l  s a m p l e

f i l t r a t i o n  r i n s e s  w i t h  m e t h a n o l  a n d  methylene  c h l o r i d e  w e r e  n e c e s s a r y  t o  o b t a i n

SPM weight  es t imates  independent  o f  accompany ing o i l  quant i t ies  present  as  e i -

ther  “ f ree”  o i l  d rop le ts  or  oil/SPM  a g g l o m e r a t e s  i n  t h e  50-mL  s a m p l e  v o l u m e .
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F o r  t o t a l  o i l  l o a d  d e t e r m i n a t i o n s , the  methano l  and rnethylene  ~1-loride

f rac t ions  f rom the membrane f i l t ra t ion  s tep were  combined,  reduced to  appropr i -

a t e volume with a water bath and N blowdown,2
and ana lyzed for  o i l  content  and

c o m p o s i t i o n  b y  f l a m e  i o n i z a t i o n  d e t e c t o r - g a s  c h r o m a t o g r a p h y  (FID-GC).  Q u a n t i -

t i e s  o f o i l in  resu l t ing  chromatograms  o f  s a m p l e  e x t r a c t s  w e r e  d e t e r m i n e d  b y

comparison w i t h accompanying chromatograms o f  s t a n d a r d  s o l u t i o n s  c o n t a i n i n g

known concent ra t ions  o f  the  parent  o i l  used in  a  g iven exper iment . F o r  e x p e r i -

ments using unweathered and 12-day weathered Prudhoe Bay crude oi l  and natural-

l y  w e a t h e r e d N o r t h  S l o p e  c r u d e  o i l ,  q u a n t i t i e s  o f  o i l  i n  e x p e r i m e n t a l  s a m p l e s

were est imated by  compar ing  peak areas in  sample  ex t rac ts  w i th  s tandard  so lu-

t ions  o f  unweathered Prudhoe Bay crude o i l  fo r  the  fo l lowing e ight  n-alkane  a n d

isoprenoid  c o m p o u n d s :  n-C16,  n-C17,  pristane,  n-C18,  phytane,  n-C19,  n-C20  a n d

‘-C21” F o r  e x p e r i m e n t s using unweathered No. 1  f u e l  o i l ,  q u a n t i t i e s  o f  oil

were  es t imated by  compar ing  peak areas in  sample  ex t rac ts  w i th  parent  oi l  stan-

d a r d s  ( N o . 1  f u e l  o i l )  f o r  t h e  f o l l o w i n g  f i v e  n-alkane  c o m p o u n d s :
‘-C12’

‘-C13’ ‘-C14’  ‘“C15  a n d  ‘-C16” A Hewlett-Packard 5840A gas chromatography lo-

c a t e d a t  t h e  NOM  f i e l d  l a b o r a t o r y  a t  K a s i t s n a  B a y  w a s  u s e d  f o r  a l l  FID-GC

analyses .

4 . 2 . 8

p o s s i b l e

E x p e r i m e n t a l  V a r i a b l e s

E x p e r i m e n t s  w e r e  p e r f o r m e d w i t h  a  n u m b e r  o f  v a r i a b l e s  t o  e v a l u a t e

e f f e c t s o f  t h o s e  v a r i a b l e s  o n  w h o l e - o i l  droplet/SPM  i n t e r a c t i o n  r a t e

c o n s t a n t s . A  l i s t i n g  o f  a l l  e x p e r i m e n t s  i s  p r e s e n t e d  i n  T a b l e  4 - 1 . I n c l u d e d

i n t h e t a b l e  a r e  v a l u e s  f o r  t h e  s a l i n i t y , S P M  load,  and oil load used in e a c h

exper iment . Methods to  measure  the  la t te r  var iab les  are  presented in  Sect ions

4 . 2 . 7  a n d  4 . 2 . 8 . 3 . D iscuss ions  o f  the  major  var iab les  eva lua ted in  exper iments

a r e  p r e s e n t e d  i n  Seccions  4 , 2 . 8 . 1  t h r o u g h  4 . 2 . 8 . 4 .

4 . 2 . 8 . 1  S u s p e n d e d  P a r t i c u l a t e  M a t e r i a l  (SPM) T y p e s

Types of SPM used in exper iments  inc luded e igh t  na tura l  sed iments

c o l l e c t e d  f r o m  a v a r i e t y  o f  c o a s t a l  e n v i r o n m e n t s  i n  A l a s k a ,  o n e  n a t u r a l  S P M

collected from marine waters in Turnagain Arm near Anchorage, AK, and two com-

m e r c i a l l y a v a i l a b l e  p a r t i c u l a t e phases. C o l l e c t i o n  p r o c e d u r e s  a n d  s a m p l e
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Table 4-1

Summary of Whole-Oil DropieWPM Interaction and SPM Settling Velocity Experiments

Sed oil
A-1@ Amount
@Qt)

Amount Rx “ Setl
S%iimalt h (red-) Oil Type (m@) E x p ’  TR# C~~tc Expd Date

30.0 Grcwingk till (< 53 P) 62.7 Na-ie 0.0 — Y 11-15-87
30.0 63.8 0.0 — Y 07-11-88

0.0 61.5 Unwcathazd Prudhce Bay ctie 35.7 X T X 07-0? -88
14.0 56.7 18.4 X T X Y 07-10-88
30.0 51.4 4.1 x P x Y 11-17-87
30.0 52.1 19.9 X T X 07-28-87
30.0 53.9 12.9 X T X 07-28-87
30.0 47.9 19.3 x P x 07-30-87
30.0 — NA X P X 07-30-87
30.0 — NA X P X 08-03-87
30.0 44.6 10.9 X T X 08-26-87
30.0 47.1 15.3 X T X 08-26-87
30.0 47.8 17.4 x P x 08-29-87
30.0 — NA X P X
30.0 40.5

08-30-87
24.2 X P X 09-02-87

30.0 67.7 7.9 X T X
30,0

1OU7-%J
42.5 24.7 x P x 11-14-87

30.0 54.7
30.0

14.4 x P x Y 11-16-87
55.7 79.2 X P Y 11-18-III

0.0 63.4 12day weathered Prudhoe Bay cNde 99.0 X T X U7-O?-88
29.0 62.2 26.1 X T X Y 07-17-88
29.0 59.5 83.9 X T X Y 07-15-88
29.0 60.9 54.9 X T X 07-15-88
29.0 63.5 43.2 X T X
30.0 58.2

07-15-88
307.6 X T Y 07-13-88

0.0 56.6 Unweathered No. 1 fuel oil 7.1 X T X 07-18-88
15.0 69.0 32.4 X T X 07-18-88
30.0 68.4 32.8 X T X Y 07-19-88

30.0 55.4 IW Glaaer Bay weathered 1.2 x P x 08-03-87
North SIqx cmde

30.0 Tumagain Arm SPM I 80.0 Unweaihercd Prudhoe Bay cmde 18.6 X T X
29.0 356.8

11-12-87
25.8 X P X 07-17-88

29.0 416.4 12day weathered Pmdhoc Bay crude 58.4 X P X 07-17-88

30.0 319.8 Unweaahercd No. i fuel oil 24.9 x P x 07-18-88

0.0 Yukon Delta HI (’c 53 yn-i) 390.1 Nme 0.0 — Y 02-15-88
0.0 756.2 0.0 — Y 04-20-88
13.5 516.2 0.0 — Y 02-18-88
29.0 447.0 0.0 — Y
29.0 830.0

02-17-88
0.0 — Y 04-21-88

0.0 453.3 Unwc.atlrercd Pmdhoe Bay crude 44.2 X T X Y 02-20-88
14.0 526.7 31.5 X T X Y
28.0 508.7

02-24-88
40.6 X T X Y 02-21-8g

29.0 614.1 105.4 X T X Y 02-23-88
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Table 4-1 (continued)

Sed
salinity

m
Amoont

(J@
AmOmt Rx “

sediment -1-ypC (mgl,) Oil Type (mgl.) Expa ~  b%%’ E%# Date

0.0 Ytion Delta sed (c 53 pm) 690.1 12-day weathesed Pmdhoe Bay cnsde 68.6 X T X Y 04-18-88
14.0 (cont.) 776.5 71.2 X T X Y M-19-88
29.0 7U7.5 19.0 X T X Y 04-16-88
29.0 782.2 49.2 X T X Y 04-15-88
29.0 789.2 286.6 X T X Y 04-17-88

0.0 408.6 Unwearhesed No. 1 fuel oil 32.9 X T X 07-20-88
14.0 485.4 ‘2S.8 X T X 07-20-88
30.0 554.0 25.6 X P X 07-19-88

30,0 Beaufort Sea sed (< 53 PM) 136.5 Unweathered Prudhoe Bay mude 23.6 X T X 07-10-88

30.0 139.4 124ay weadtesed Psudhoe Bay csude 11Z2 X P X 07-12-88

30.0 128.4 Unweashesul No. 1 fuel oil 21.6 X T X 07-15-88
30.0 138.2 48.0 X P X 07-18-88

30.0 kmfofs  Sea peas (< 53 @  130.6 Unwdscmd Prudhoe Bay crude 21.6 X T X 07-10-88

30.0 115.3 12day wcarlteted Ptudhoe Bay aude 98.6 X P X 07-12-88

30.0 Pcard Bay sed (c 53 @ 1521 Unweathered Prudhoe Bay csude 30.3 X T X 07-11-88

30.0 1329 12day weathesed Prudhoe Bay 69.5 X P X 07-13-88

30.0 Pnsdhoe Bay scd (< 53 pm) 203.4 Unweathered Pmdhoe Bay cnxie 321 X T X 07-11-88

30.0 209.8 12day weathered Psudhoe Bay uude 88,0 X P X 07-13-88

30.0 Kotzbuc sed (< 53 pm) 231.2 Unwsmlsesed Psudb, Bay 31.1 X T X 07-11-88

30.0 232.8 12day weathered Pntdhoe Bay crude 77.3 X T X 07-14-88

30.0 Jakolof Bay sed (< 53 pm) 325 Unweathered Pmdhoe Bay cnwie
30.0

29.2 P x U7-25-87
49.9 16.3 :Px

30.0
07-27-87

60.0
30.0

17.0 X T X 11-06-87
53.0 25.0 X T X

30.0 57.0
11-0687

NA X T X
30.0 60.0

11-07-87
23.0 X T X 11-08-$7

30.0 363.0 Unwcmhered No. I fuel oil 37.9 X T X 07-19-87

30.0 Aluminum oxide gtis 62.4 Unwcashemd Pmdhoe Bay csude 25.9 X T X
30.0 (10 pm) 205.7

10-04-87

30.0
224 X T X

221.3
10-05-87

26.4 X T X
30.0

10-06-87
266.1 10.2 X T X

30.0
11-10-87

263.5 4.8 X T X 11-11-87

30.0 DVB pofys@eses NA Unweathered Pnsdhw Bay csude NA X T X
(1-2opm)

10-08-87
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Table 4-1 (Continued)

Sed
SaliniLy AIKxmt
(&x) sedimmt  ~ (m@) Oil Type

0.0 Ncme
13.0
30.0
30.0
30.0
30.0
30.0

0.0
29.0
29.0

30.0

30.0

—
—

—
—
—
—

—

—

—

UnweaIIIuui Pmdhoe Bay crude 38.8 X T X
30.7 X T X
14.8 x P x
23.0 x P x
7.8 X P X

226 X P X
31.5 X T X

12day weathered PNdhoe Bay cmde 62.0 X T X
13.8 X T X
44.1 X T X

R/T Glacier Bay weahemd 5.3 x P x
Nmlr Slope CIUdC

Unweathered No. 1 fuel oil 8.3 x P x

‘RX Exp X = oil dr@er/SPM interaction experiment pdormed
b  

RC Typ: phcmnicrq  @ra s taken with TMAX-100  film (T) or Polaroid fti  (P)
c Dmp Coum: Phoaomiuographs counted for oil dmp numbers
d Sesl Exp: Y. settling chamber experiment performed wirh soluriar generated in parent oil dr@euSPM intcraaion wwdy

02-1988
02-19-88
07-29-87
08-31-87
11-13-87
11-12-87
U2-19-88

04-13-88
04-14-88
04-13-88

0802-87

07-14-88

l o c a t i o n s for  the  natura l  sed iments  and the  Turnaga in  Arm SPM are presented in

g r e a t e r  d e t a i l  i n  S e c t i o n  4 . 1 . B r i e f l y ,  t h e  e i g h t  n a t u r a l  s e d i m e n t s  a r e  t h e

f o l l o w i n g :  1) B e a u f o r t  S e a  s e d i m e n t ,  2 )  B e a u f o r t  S e a  p e a t ,  3 )  glacial  till  CO1.

lected  f r o m  m e l t  w a t e r s  o f  t h e Grewingk  Glac ier  near  Kachemak  Bay,  AK,  4 )

Jakolof  Bay (a small embayment  ad jacent  to  Kachemak Bay) ,  5 )  Kotzebue sed iment ,

6 )  P e a r d  B a y  s e d i m e n t , 7) Prudhoe Bay sediment and 8) Yukon River Delta sedi-

ment. All  e i g h t sediment types (but not the Turnagain Arm SPM) were passed

t h r o u g h a 53-pm geo log ica l  s ieve, and on ly  those par t ic les  pass ing through the

s i e v e were used in experiments. The commerc ia l l y  ava i lab le  par t i cu la te  phases

u s e d  i n c e r t a i n exper iments  cons is ted  o f  commerc ia l  a luminum ox ide  gr i t  (ap-

p r o x i m a t e l y 10-pm  d i a m e t e r  p a r t i c l e s ) , o r  p o l y s t y r e n e  divinylbenzene  (DVB)

s p h e r e s  (1-20-&m  d i a m e t e r  p a r t i c l e s ) . N e i t h e r  t h e  g r i t  n o r  t h e  p o l y s t y r e n e

spheres  were  s ieved before  the i r  use in  exper iments .
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4 . 2 . 8 . 2  O i l  T y p e s

Four  types o f  o i l  were  used in  exper iments :  1 )  unweathered Prudhoe Bay

c r u d e  o i l , 2 )  12-day weathered Prudhoe  Bay crude oi l ,  3) unweathered No. 1 fuel

o i l a n d  4 )  n a t u r a l l y weathered Nor th  S lope crude o i l . The 12-day  weathered

P r u d h o e  B a y  c r u d e was generated in an outdoor, f low- through seawater  tank  a t

t h e  NOM f i e l d  l a b o r a t o r y at Kasitsna  B a y . D i s c u s s i o n s  o f  t h e  p r e p a r a t i o n ,

c o m p o s i t i o n and t h e o l o g i c a l  p r o p e r t i e s  o f  t h i s  o i l  a r e  p r e s e n t e d  i n  P a y n e  e t

a l .  (1987b). The natura l ly  weathered Nor th  S lope crude o i l  was supp l ied  by  D r .

Caro l  Ann Manen and was der ived f rom o i l  re leased in to  Cook In le t ,  AK fo l lowing

the ground ing o f  the  vesse l  R/T  Glac ier  Bay near  Kena i ,  AK in  Ju ly  1987.

I n  a d d i t i o n  t o t h e  d i f f e r e n t  t y p e s  o f  o i l ,  v a r y i n g  q u a n t i t i e s  o f  a

g i v e n  o i l t ype were  a lso  used in  exper iments , For example, q u a n t i t i e s  o f  u n -

weathered Prudhoe Bay crude o i l u s e d  i n t h e  i n i t i a l  “ b l e n d i n g ”  p r o c e d u r e

( S e c t i o n  4 . 2 . 4 )  i n c l u d e d  4 ,  1 6 ,  o r  6 4  d r o p s . As measured by FID-GC  analyses of

sample e x t r a c t s ( S e c t i o n  4 . 2 . 7 ) , t h e  l a t t e r  q u a n t i t i e s  o f  u n w e a t h e r e d  P r u d h o e

Bay c r u d e  o i l  ( i . e . , 4 ,  1 6 ,  a n d  6 4  d r o p s )  r e s u l t e d  i n  o i l  c o n c e n t r a t i o n  r a n g e s

i n e x p e r i m e n t a l s o l u t i o n s o f  4 - 8 ,  8 - 4 4 ,  a n d  8 0 - 1 0 5  m g / L ,  r e s p e c t i v e l y .  T h e

q u a n t i t i e s o f  1 2 - d a y  w e a t h e r e d  P r u d h o e  Bay crude o i l  used for  the  “b lend ing”

procedure i n c l u d e d  6 ,  2 4 , a n d  9 6  d r o p s ,  w h i c h  r e s u l t e d  i n  e x p e r i m e n t a l  o i l

c o n c e n t r a t i o n s  o f 14-26,  43-112,  and 240-310 mg/L ,  respect ive ly . A l l  e x p e r i -

ments performed with No. 1  fue l  o i l  used 1 6  d r o p s  o f  o i l  i n  t h e  b l e n d i n g  p r o c e -

d u r e ,  w h i c h  r e s u l t e d  i n  e x p e r i m e n t a l  oil  c o n c e n t r a t i o n s  o f  7 - 4 8  mg/L.

4 . 2 . 8 . 3  S a l i n i t y

Experiments w e r e  p e r f o r m e d  a t  t h r e e  g e n e r a l  s a l i n i t y  l e v e l s :  1 )  f u l l

s t r e n g t h seawater ( 2 8 - 3 0  ppt), 2)  1:1  m i x t u r e s  o f  s e a w a t e r  a n d  f r e s h w a t e r

( 1 3 - 1 4  ppt) and 3)  f reshwater  (O ppt). A l l  s a l i n i t y  d e t e r m i n a t i o n s  w e r e  m a d e

with a Reichert  t e m p e r a t u r e - c o m p e n s a t e d  r e f r a c t o m e t e r .
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4 . 2 . 8 . 4  T u r b u l e n c e

A l im i ted  number  o f  exper iments  were  per formed a t  vary ing  energy  d is -

s i p a t i o n o r  t u r b u l e n c e  l e v e l s  i n  t h e  s t i r r e d  r e a c t i o n  v e s s e l . As d i s c u s s e d  i n

Sect ion  5 .2 .1 ,  the  energy  d iss ipa t ion  ra te  fo r  an  exper iment  was es t imated f rom

t h e  v o l u m e o f  t h e  r e a c t i o n  s o l u t i o n , t h e  v a l u e  f o r  t h e  k i n e m a t i c  v i s c o s i t y  o f

t h e aqueous medium, and measurements for the torque and propeiler  shaft  rpms

dur ing  the  exper iment .

4 . 3 SPM SETTLING VELOCITY EXPERIMENTS

S o l u t i o n s  o f  s o u r c e  m a t e r i a l  f o r  a l l  S P M  s e t t l i n g  v e l o c i t y  e x p e r i m e n t s

( i . e . , b o t h  “ o i l e d ”  a n d  “ u n o i l e d ” SPM) were  obta ined f rom s t i r red  reac t ion  ves-

s e l s  a t t h e  c o n c l u s i o n  o f  e x p e r i m e n t s  u s e d  t o  g e n e r a t e  w h o l e - o i l  droplet/SPM

i n t e r a c t i o n r a t e c o n s t a n t s ( i . e . , S e c t i o n  4 . 2 ) . Several advantages were de-

r i v e d f r o m  t h i s  c o u p l i n g  o f  s e t t l i n g  v e l o c i t y  e x p e r i m e n t s  t o  oil/SPM  i n t e r a c -

t i o n r a t e  s t u d i e s . F i r s t , r e l a t i v e l y  w e l l - d e f i n e d  p r e h i s t o r i e s  w e r e  a v a i l a b l e

f o r  “ o i l e d ”  S P M  p a r t i c l e s  u s e d  i n  t h e  s e t t l i n g  v e l o c i t y  e x p e r i m e n t s . For exam-

p l e , i n f o r m a t i o n  o n  v a r i a b l e s c o n t r i b u t i n g  t o  t h e  g e n e r a t i o n  o f  “ o i l e d ”  S P M

p a r t i c l e s  ( e . g . ,  t y p e s  o f  S P M , t y p e s  a n d  q u a n t i t i e s  o f  o i l ,  s a l i n i t y  a n d  t u r b u -

l e n c e  l e v e l s  i n  t h e  s t i r r e d  r e a c t i o n  v e s s e l s )  a s  w e l l  a s  t i m e - c o u r s e  c h a n g e s  i n

numb e r d e n s i t i e s and s i z e s o f  SPM, “ f r e e ”  o i l d r o p l e t s , a n d  oil/SPM

agglomerates d u r i n g  t h e  s t i r r e d  r e a c t i o n  e x p e r i m e n t  w e r e  a v a i l a b l e . And, sec-

ond, use o f “o i led”  SPM genera ted f rom a parent  oil/SPM  in terac t ion  ra te  s tudy

p r o v i d e d  f o r  a n  e f f i c i e n t u t i l i z a t i o n  o f  a v a i l a b l e  e x p e r i m e n t a l  t i m e  ( i . e .  ,

b o t h o i l droplet/SPM  i n t e r a c t i o n  r a t e  c o n s t a n t s  a n d  s e t t l i n g  v e l o c i t y

information were generated from a common experiment).

4 . 3<1 Exper imenta l  Pro toco l  fo r  Set t l ing  Chamber  Exper iments

The pro toco l  fo r  the  S P M  s e t t l i n g  v e l o c i t y  e x p e r i m e n t s  i n v o l v e d  m i n o r

m o d i f i c a t i o n s  o f t r a d i t i o n a l  p i p e t t e  m e t h o d s  u s e d  f o r  s e d i m e n t  p a r t i c l e - s i z e

ana lyses (e .g .  ,  S ieber t , 1979;  Head,  1980;  A l len ,  1981) .  A t  the  conc lus ion o f  a

s t i r r e d  r e a c t i o n  v e s s e l  e x p e r i m e n t  ( S e c t i o n  4 . 2 . 5 ) , t h e  r e m a i n i n g  o i l  d r o p l e t /

S P M / w a t e r  s o l u t i o n  i n  t h e s t i r r e d react ion vessel was homogeneously mixed.
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O n e - l i t e r  v o l u m e s  w e r e t r a n s f e r r e d  t o  e a c h  o f  t h r e e  s e t t l i n g  c h a m b e r s  ( i . e .  ,

1 - L  g l a s s  g r a d u a t e d  c y l i n d e r s ) . The cy l inders  were  then main ta ined in  und is -

t u r b e d  s t a t e s . Sample volumes of 50 mL were withdrawn from a set depth in each

s e t t l i n g chamber ( 1 8 . 5  c m  b e l o w  t h e  i n i t i a l  a i r - w a t e r  i n t e r f a c e )  a t  s p e c i f i e d

t i m e  i n t e r v a l s . Sampling t imes of O rein, 20 rein, 2 hr,  4 hr,  6 hr,  8 hr and 20

h r  f o l l o w i n g t h e  s t a r t  o f  a  s e t t l i n g  e x p e r i m e n t  w e r e  c h o s e n  t o  p r o v i d e  s u f f i -

c i e n t  r e s o l u t i o n  f o r  S P M  s e t t l i n g  v e l o c i t i e s . F o l l o w i n g  t h e  f i n a l  s a m p l e  w i t h -

d r a w a l  a t 20 hr ,  the  a i r -water  in ter face was on ly  4.1  cm above the  depth  f rom

w h i c h t h e  f i n a l  s a m p l e  w a s  c o l l e c t e d . A l l  exper iments  were  per fo rmed a t  room

t e m p e r a t u r e , and c a r e was taken to  ensure  tha t  so lu t ion  temperatures  d id  not

change dur ing  the  t ime course o f  sample  w i thdrawals  f rom the se t t l ing  chambers ,

F o r  a l l  o f  t h e  e x p e r i m e n t s , water  tempera tures  in  se t t l ing  chambers  ranged f rom

17*-23°C.

Us ing prev ious ly  descr ibed procedures  fo r  g rav imet r ic  measurements  of

S P M  l o a d s  ( S e c t i o n  4 . 2 . 7 ) , the 50-mL  sample  vo lumes w i thdrawn a t  spec i f i c  sam-

p l i n g  t i m e s f rom a se t t l ing  chamber  were  vacuum-f i l te red onto  ta red po lyes ter

m e m b r a n e  f i l t e r s  a n d  p r o c e s s e d  f o r  t h e i r  s a l t - f r e e ,  o i l - f r e e  S P M  w e i g h t  d e t e r -

m i n a t i o n s . M e a n  v a l u e s  f o r  S P M  c o n c e n t r a t i o n s  ( i . e . ,  m g  d r y  w e i g h t / l i t e r )  f r o m

the th ree se t t l ing  chambers  in  a  g iven exper iment  were  ca lcu la ted fo r  each sam-

p l i n g  t i m e . V a l u e s  f o r  m e a n  s e t t l i n g  v e l o c i t i e s  ( i . e . ,  d i s t a n c e  s e t t l e d / u n i t

t ime)  and the  percent  we ight  f rac t ions  o f  the  to ta l  SPM load charac ter ized by  a

p a r t i c u l a r  m e a n  s e t t l i n g  v e l o c i t y  a l s o  w e r e  c a l c u l a t e d  u s i n g  d a t a  c o l l e c t e d  f o r

1 )  m e a n d i s t a n c e s  b e t w e e n  t h e a i r -water  in ter face and the  chamber  sampl ing

depth  a t  a  g iven sampl ing  t ime, 2)  t ime d i f fe rences between sequent ia l  sampl ing

events  and 3)  dec l ines  in  grav imet r ic  concent ra t ions  fo r  SPM between sequent ia l

sampl ing  events . U s i n g  p r o c e d u r e s  d e s c r i b e d  in  Sect ion 4,2.6, photomicrographs

were r o u t i n e l y t a k e n for  samples  w i thdrawn f rom the  se t t l ing  chambers .  Wi th

t h e  p r o t o c o l  d i s c u s s e d in  Sect ion  4 .2 .7 ,  o i l  loads  were  a lso  determined f rom

samples  w i thdrawn f rom the  se t t l ing  chamber  in  one exper iment  to  a l low fo r  tem-

poral comparisons between measurements for SPM and oi l  loads.

In  a d d i t i o n  t o  e x p e r i m e n t s  u s i n g  “ o i l e d ” SPM,  appropr ia te  cont ro l  ex-

p e r i m e n t s using “unoi led” SPM were performed. P a r e n t  s o l u t i o n s  f o r  t h e  l a t t e r
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c o n t r o l  e x p e r i m e n t s  w e r e  d e r i v e d  f r o m  “ c o n t r o l ” s t i r r e d  r e a c t i o n  v e s s e l  e x p e r i -

m e n t s  t h a t  h a d  n o t  r e c e i v e d  a n y  a d d i t i o n a l  o i l .

4 . 3 . 2 Exper imenta l  Var iab les

T o  e v a l u a t e  e f f e c t s  o f c e r t a i n  v a r i a b l e s  o n  s e t t l i n g  v e l o c i t i e s  o f

SPM,  se t t l ing  chamber  exper iments  were  per fo rmed wi th  parent  so lu t ions  obta ined

f r o m  s e l e c t e d  s t i r r e d  r e a c t i o n  v e s s e l  e x p e r i m e n t s .  T h e  s e t t l i n g  e x p e r i m e n t s

and the i r  cor respond ing parent  s t i r red  react ion  vesse l  so lu t ions  have been sum-

m a r i z e d  i n T a b l e  4 - 1 . Var iab les  eva luated fo r  po tent ia l  e f fec ts  on  SPM set -

t l i n g  v e l o c i t i e s  a r e  d i s c u s s e d  b e l o w  i n  S e c t i o n s  4 . 3 . 2 . 1  t h r o u g h  4 . 3 . 2 . 3 .

4 . 3 . 2 . 1  S u s p e n d e d  P a r t i c u l a t e  M a t e r i a l  (SPM) T y p e s

S e t t l i n g  c h a m b e r  e x p e r i m e n t s  w e r e performed with two types of SPM:

G r e w i n g k  g l a c i a l t i l l  (<53  pm) a n d  Y u k o n  R i v e r  D e l t a  s e d i m e n t  ( < 5 3  ~m).  A s

d iscussed in  Sect ions  5 .1  and 5 .3 .2 ,  these two SPM types encompassed the  ex-

tremes i n  p a r t i c l e - s i z e  r a n g e s f o r  a l l  s e d i m e n t  t y p e s  i n v e s t i g a t e d  i n  t h i s

NOAA-sponsored program.

4 . 3 . 2 . 2  O i l  T y p e s

“ O i l e d ” S P M  u s e d  i n set t l ing  chamber  exper iments  were  der ived f rom

p a r e n t  s t i r r e d  r e a c t i o n  v e s s e l  s t u d i e s  t h a t  u t i l i z e d  e i t h e r  u n w e a t h e r e d  P r u d h o e

Bay crude o i l , 12-day weathered Prudhoe Bay crude oi l ,  or unweathered No. 1

f u e l  o i l . T h e  S P M  s o l u t i o n s  f o r  s e t t l i n g chamber  exper iments  invo lv ing

unweathered and 12-day weathered Prudhoe Bay crude o i l  w e r e  a lso  der ived f rom

s t i r r e d  r e a c t i o n v e s s e l exper iments t h a t  u t i l i z e d  d i f f e r e n t  a m o u n t s  o f  t h e

g i v e n  o i l  t y p e i n  t h e  i n i t i a l  “ b l e n d i n g ”  p r o c e d u r e  ( s e e  S e c t i o n  4 . 2 . 4 ) .  B y

u s i n g a p p r o x i m a t e l y t h e same amount of a given sediment type and varying the

amount o f “ b l e n d e d ” o i l  i n  t h e  s t i r r e d  r e a c t i o n  v e s s e l  e x p e r i m e n t s ,  S P M  w i t h

d i f f e r i n g  d e g r e e s  o f  “ o i l i n g ” w a s  p r o d u c e d  f o r  t h e  s u b s e q u e n t  u s e  in  t h e

s e t t l i n g  c h a m b e r  s t u d i e s ,
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4 . 3 . 2 . 3  Salinizy

S e t t l i n g chamber  exper iments  were  per formed wi th  parent  s t i r red  reac-

t i o n v e s s e l s o l u t i o n s g e n e r a t e d  a t  t h r e e  s a l i n i t i e s :  1 )  f u l l  s e a w a t e r  ( 2 8 - 3 0

ppt),  2) 1:1  m i x t u r e s  o f  s e a w a t e r  a n d  f r e s h w a t e r  ( 1 3 - 1 4  ppt),  a n d  3 )  f r e s h w a t e r

(o  ppt).

4 . 4 SPM/MOLECULAR SCALE INTERACTIONS

The in terac t ion  (sorp t ion  behav ior )  o f  SPM wi th  pet ro leum hydrocarbons

on t h e  m o l e c u l a r  s c a l e  w a s  i n v e s t i g a t e d  t h r o u g h  t h e  d e v e l o p m e n t  of  l?reundlich

i s o t h e r m s  (H.J.  ForWalt,  et al . ,  1986; Calgon  C o r p o r a t i o n ;  R o h m  a n d  H a a s  C o . ) .

Th is  approach is  usefu l  because i t  p rov ides  the  max imum adsorp t ion  capac i ty  o f

the  SPM tes ted fo r  ind iv idua l  d isso lved molecu lar  compounds a t  a  spec i f ied  con-

c e n t r a t i o n  i n seawater . T h u s ,  b y  c o n d u c t i n g  t h e  t e s t s  w i t h  n e a r - s a t u r a t i o n

l e v e l s  o f  d i s s o l v e d  h y d r o c a r b o n s , the upward boundary  o f  molecu lar  sorp t ion

v a l u e s h a s  b e e n  d e t e r m i n e d .  I n  a d d i t i o n ,  t h e  e x p e r i m e n t a l  p r o c e d u r e  p r o v i d e d

f o r  a  m e a n s  t o  d e t e r m i n e  t h e  p a r t i t i o n  c o e f f i c i e n t ,  K p ( b y  d i f f e r e n c e  o n l y ) .  A

b r i e f  d i s c u s s i o n  o f the Freundlich  iso therm and exper imenta l  methods is  fo l -

l o w e d  i n  S e c t i o n  5 . 4  b y  t h e  r e s u l t s  o f  e x p e r i m e n t a t i o n  u s i n g  t h i s  t e c h n i q u e .

F o r  t h i s  p a r t i c u l a r  a p p l i c a t i o n , t h e  Freundlich  i s o t h e r m  i s  a  p l o t  o f

a d s o r b a t e  ( d i s s o l v e d  h y d r o c a r b o n )  c o n c e n t r a t i o n  i n  s e a w a t e r  v e r s u s  t h e  adsor-

b a t e concent ra t ion  on the  adsorbent  ( the  SPM) a t  equ i l ib r ium.  The genera l  fo r -

m u l a  f o r  t h e  i s o t h e r m  i s :

X/M-=K(Cf) l / n

w h e r e  X - C O  -  C f, which is the amount of dissolved hydrocarbon adsorbed from a

g i v e n v o l u m e  o f seawater , M is  the  SPM dry  we igh t ;  C f i s  the  amount  o f  d is -

s o l v e d  h y d r o c a r b o n  r e m a i n i n g  i n  t h e  s e a w a t e r  a f t e r  e q u i l i b r a t i o n  w i t h  t h e  S P M ;

and K and l /n  are  constants . A  l o g - l o g  p l o t  o f  t h i s  e q u a t i o n  ( X / M  v s  Cf)  y i e l d s

a s t r a i g h t  l i n e  t h a t , when ex t rapo la ted to  Co, p r o v i d e s  t h e  e q u i l i b r i u m  ( m a x i -

mum) adsorp t ion  capac i ty .



B e c a u s e  o f  t h e sheer number of compounds comprising crude oi l ,  the

models developed by SAIC to date have taken a “pSeudOCOmpOund”  approach. T h i s

approach adopts  d is t i l la te  cu ts  as  manageab le  subsets  o f  who le  c rude o i l . For

t h i s same r e a s o n - - t o  l i m i t the vast number of compounds contained in whole

c r u d e  t o someth ing  manageab le- -determinat ions  o f  molecu lar -sca le  in terac t ions

have r e l i e d  o n t h e  d i s t i l l a t e  c u t  f o r  c o n v e n i e n t  e x p e r i m e n t a l  m a t e r i a l .  T h e

f in i te  number  o f  water -so lub le  compounds conta ined in  a  g iven cu t  can be eas i ly

h a n d l e d  i n  a n  i s o t h e r m  e x p e r i m e n t , y e t  s t i l l  p r o v i d e  d a t a  t h a t  r e f l e c t  t h e

c r u d e  o i l  s o u r c e .

T h e r e f o r e , iso therms w e r e  d e v e l o p e d for the soluble compounds con-

t a i n e d i n  f o u r  d i s t i l l a t e  c u t s  o f  P r u d h o e  B a y  c r u d e  o i l  u s i n g  G r e w i n g k  g l a c i a l

t i l l and one cut using Turnagain Arm SPM and Yukon Delta sediment according to

the f o l l o w i n g  p r o c e d u r e s . F i r s t ,  t h e  d i s t i l l a t e  c u t  o f  i n t e r e s t  w a s  e q u i l i b r a t -

ed o v e r  a 24- to  48-hr  p e r i o d  w i t h  f i l t e r e d  ( 0 . 4 5  pm) s e a w a t e r  b y  c a r e f u l l y

l a y e r i n g a p p r o x i m a t e l y 4  ml  o f  the  cu t  on  approx imate ly  2  L  o f  seawater  in  a

s e p a r a t o r  f u n n e l . The seawater, now conta in ing  the  so lub le  cu t  components ,  i s

t h e i n i t i a l  ( C o )  t e s t  l i q u o r . Figure 4-8 depicts FID-GC  c h r o m a t o g r a m s  of  the

e q u i l i b r a t e d seawater f o r  t h e  d i f f e r e n t  c u t s  i n v e s t i g a t e d .  C u t  s e l e c t i o n  w a s

b a s e d  o n t h e  d e s i r e to  incorpora te  a  w ide molecu lar -we ight  range o f  so lub le

hydrocarbons . A n d ,  a s seen, C u t  # 4  ( 2 1 O ” - 2 3 2 ” F )  c o n t a i n s  m a i n l y  v o l a t i l e

aromatics , wh i le  Cuts  #7  (282°-3040F)  and #10 (349” -368”F)  i m p a r t  i n t e r m e d i a t e

a n d  h i g h e r  m o l e c u l a r  w e i g h t  a r o m a t i c s  r e s p e c t i v e l y . There  were on ly  th ree

so lub le  components  impar ted  f rom the  s t i l l  po t  bo t toms (  >  415”F).

F o r  e a c h  b a t c h  t e s t ,  a  s e r i e s  o f  s i x  1 2 5  ml,  amber  glass,  s e p t a

screw-capped b o t t l e s were dosed with varying amounts of SPM ranging from O to

10 g (on a dry weight basis). The Co seawater was then dispensed through a

p r e s s u r i z e d  i n - l i n e f i l t e r  ( t o  a v o i d  i n c l u d i n g  a n y  o i l  micelles  p r e s e n t )  i n t o

each bot t le  and capped wi th  no head space. The bot t les  were  then ag i ta ted on a

w r i s t - a c t i o n s h a k e r  f o r  2 4 - h r .  A l l  e q u i l i b r a t i o n s  w e r e  c o n d u c t e d  a t  26”C.  E a c h

sample was vacuum-f i l te red and the  aqueous phase ex t rac ted 3  t imes wi th  25 mL

o f s o l v e n t . The so lvent  ex t rac ts  were  vo lume-reduced us ing s tandard  Kuderna-

Danish  evapora t ion  techn iques and then ana lyzed by  cap i l la ry  FID-GC.
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Figure 4-8. Chromatograms  Depicting Inltlal (G) Seawater Equllibratlonsof  A) Cut #4 (BP range
2W.232”F),  B) Cut w (BP mnge 2620.204)%, C) CM #10 (BP mnge 348°.3880F),  and
D) bottoms (BP mnge 415°F and above)
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Kp va lues  were  ca lcu la ted f rom the ind iv idua l  component  i so therm data

b y  d i f f e r e n c e .  I n  o t h e r  w o r d s , the concentrat ion of the compound adsorbed onto

t h e SPM was determined by subtract ing the mass measured in the aqueous phase

f r o m  t h e  m a s s  c o n t a i n e d  i n  t h e  i n i t i a l  ( C o )  f e e d  t h e n  d i v i d i n g  b y  t h e  g r a m s  o f

d r y  S P M  c o n t a i n e d  i n  t h e  e q u i l i b r a t i o n  v e s s e l . T h e  K p then is  s imp ly  the  con-

c e n t r a t i o n  o n the SPM d iv ided by  the  concent ra t ion  in  so lu t ion  (measured)  a t

e q u i l i b r i u m . The resu l ts  o f  bo th  the  iso therm deve lopment  and the  K determi-
P

n a t i o n s  a r e  p r o v i d e d  i n  S e c t i o n  5 . 4 .
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5 , 0 RESULTS AND DISCUSSION

5 . 1 SPM CHARACTERISTICS

I n  o r d e r  t o  i n v e s t i g a t e  oil/SPM  i n t e r a c t i o n s  u s i n g  r e p r e s e n t a t i v e ,  y e t

v a r i e d , SPM types , n i n e sediment/SPM sources from coastal  regions in Alaska

were sampled as d e s c r i b e d  i n  S e c t i o n  4 . 1 . Each sediment or SPM type was

charac ter ized fo r  a  var ie ty  o f  phys ica l  and chemica l  parameters  to  eva luate  the

ef fec t  on  oil/SPM  i n t e r a c t i o n  r a t e s  a r i s i n g  f r o m  d i f f e r e n c e s  i n  s e d i m e n t  o r  S P M

p r o p e r t i e s . T h e  p h y s i c a l c h a r a c t e r i z a t i o n  o f  t h e sediment or SPM types

i n c l u d e d  g r a i n - s i z e d i s t r i b u t i o n s ,  p a r t i c l e - s i z e  c h a r a c t e r i s t i c s  a n d  s o l i d s

d e n s i t i e s , wh i le  chemica l  charac ter iza t ions  inc luded TOC ana lyses ,  hydrocarbon

c o n t e n t s  a n d  m i n e r a l o g i c a l  i n f o r m a t i o n .

P h y s i c a l  P r o p e r t i e s

Photomicrographs o f  the  e igh t  na tura l  sed iment  types and the  Turnaga in

Arm SPM used for experiments are shown in Figure 5-1. The accompanying photo-

g r a p h  o f  t h e  m i c r o m e t e r  a l l o w s  f o r  s i z e  e s t i m a t e s  t o  b e  e x t r a p o l a t e d  f o r  p a r t i -

cles in each of the sediment and SPM prints. W h i l e  a l l  s e d i m e n t  p a r t i c l e s  w e r e

a p p r o p r i a t e l y  s m a l l e r  t h a n  5 3  pm (i.e.  , the sediments had been passed through a

5 3 - p m  g e o l o g i c a l  s i e v e ) , g r e a t ranges in  par t ic le  s izes  can be observed not

on ly  among but  a lso  w i th in  par t i cu la r  sed iment  types . The greatest number den-

s i t i e s f o r  p a r t i c l e s < 10 pm in  d iameter  appear  to  occur  in  Grewingk g lac ia l

till, al though high numbers are also present in the Beaufort Sea and Peard Bay

sediment samples. W h i l e  p a r t i c l e s  <  1 0  pm are  present  in  a l l  o f  the  sed iment

types,  la rger  par t ic les  approach ing 50 pm in  d iameter  a re  common in  Yukon De l ta

sed iment , Jakolof  Bay sediment, Kotzebue  sediment, Prudhoe Bay sediment, Beau-

f o r t  S e a  p e a t  a n d  t h e  T u r n a g a i n  A r m  S P M . B i o l o g i c a l  c o n t r i b u t i o n s  t o  t h e

Jakolof  B a y s e d i m e n t  a n d ,  p a r t i c u l a r l y , t h e  B e a u f o r t  S e a  p e a t  a r e  i n  d i s t i n c t

ev idence w i th  the  v is ib le  presence o f  d ia toms.

The resu l ts  o f  g ra in -s ize  determinat ions  on the  sed iment  and SPM types

b y  t h e  p i p e t t e  m e t h o d  a r e  s u m m a r i z e d  in  Tab le  5-1  and are  i l lus t ra ted in  F igure

5-2. AS i n d i c a t e d  i n  t h e  f i g u r e , a  s p e c t r u m  o f  p a r t i c l e  s i z e s  i s  p r e s e n t  i n
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Figure 5-1. Photomicrographs of the Sediment/SPM Types used for Experimentation From A)
TWnagain  Arm, B) Beaufott  Sea, C) Kotzebue,  D) Grewingk Glacier, E) Peard Bay,
F) Prudhoe Bay, G) Jakolof  Bay, H), Yukon Delta, and 1) Beaufort Sea (peat)
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Figure 5-1. ( C o n t i n u e d )  Photomicrographs of  the Sediment /SPM Types used for
Experimentatlon From A) Turnagain  Arm, B) Beaufort Sea, C) Kotzebue,  D) Grewingk
Glacier, E) Peard Bay j F) Prudhoe Bay, G) Jakolof  Bay, H), Yukon  Delta, and 1)
Beaufori  Sea (peat)
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Figure 5-1. (Cont inued)  fJhotomlcrographs of the Sediment/SPM Types used for
Experimentation From A) Turnagaln  Arm, B) Beauforl  Sea, C) Kotzebue,  D) Grewingk
Glacier, E) Peard Bay, F) Prudhoe Bay, G) Jakolof  Bay, H), Yukon Delta, and 1)
Beaufort Sea (peat)
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Table  5-1

Grain-Size Distribution for Various Alaskan Marine Sediments

SIZE INTEFWALWEIGHT PERCENTAGE (%)
SPM Sitea o-2 jlm 2-5 P 5-20 ~ 20-53 pm

JakolOf Bay
Pcmd Bay
Pmclboe Bay
Kotzbue
Ibnagain Amr
Grwirrgk Glacier
Yukcar Delta
Beaufort Sea

35.1
43.8
227
24.1
10.5
51.6
6.9

44.6

13.6
16.8
11.1
11.3
3.8

26.6
1.6

16.3

‘ alf scdimcnta were sieved to <53 pun cxcspt for ‘lhmagain Arm (we Scuicm 4.1)

19.5
29.8
35.6
38.7
11.1
18.6
14.4
27.8

31.8
9.6

30.6
25.9
74.6
3.2

77,1
11.3

each of the sediment and SPM types. A l l  o f  t h e  s i z e  c l a s s i f i c a t i o n s  d i s p l a y

c e r t a i n  d e g r e e s  o f  v a r i a t i o n , but the O-2 pm and 20-53 pm s ize  c lasses  show the

greates t  d i f fe rences f rom sed iment  to  sed iment . T h e  r a n g e  i n  t h e  f i n e  f r a c t i o n

( O - 2  ~m) is from a low  o f  6 , 9 %  o f  t h e  t o t a l  s e d i m e n t  f o r  Y u k o n  D e l t a  t o  a  h i g h

o f  5 1 . 6 %  f o r  G r e w i n g k  g l a c i a l  t i l l . O t h e r  h i g h  p e r c e n t a g e s  o f  f i n e  f r a c t i o n s

i n c l u d e  B e a u f o r t  S e a  s e d i m e n t  ( 4 4 . 6 % ) , Peard Bay sediment (43.8%) and Jakolof

Bay sed iment  (35 .1%) . A s  d i s c u s s e d  in  Sect ion  4.1,  all  sed iment  phases ( i .e .  ,

e x c l u d i n g the  Turnaga in  Arm SPM) were  s ieved to  <  53  pm prior to their use in

exper iments . P a r t i c l e - s i z e  d i s t r i b u t i o n s  i n  t h e  Turnagain  A r m  S P M  r e l a t i v e  t o

the o ther  sed iment  types y ie lded the second lowest  percentage o f  f ines  and the

s e c o n d  h i g h e s t  p e r c e n t a g e  i n  t h e  2 0 - 5 3  pm s ize  c lass . The abundance of larger

p a r t i c l e s  i n the  Turnaga in  Arm SPM re f lec ts  the  h igh  tu rbu lence reg ime under

wh ich t h i s SPM was co l lec ted  in  the  f ie ld  (see descr ip t ion  o f  SPM sampl ing  in

S e c t i o n  4 . 1 ) .

F u r t h e r i n f o r m a t i o n p e r t a i n i n g  t o  s i z e s  o f  p a r t i c l e s  c o n t r i b u t i n g  t o

the natural sediment and SPM phases was obtained from the photomicrographs  and
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gravimetric  w e i g h t measurements  o f  the  var ious  par t i c le  types in  exper imenta l

suspens ions. Number  dens i t ies  o f  par t i c les  per  un i t  vo lume in  so lu t ions  were

determined f rom photomicrographs wi th  the  procedure  descr ibed in  Sect ion  4 .2 .6 .

G r a v i m e t r i c measurements o f  S P M  l o a d s  p e r  u n i t  volme  i n  t h e  s a m e  s o l u t i o n s

were made wi th  the  procedure  descr ibed in  Sect ion  4 .2 .7 . U t i l i z a t i o n  o f  d a t a

f rom these two measurements  a l lowed fo r  number  dens i t ies  o f  par t i c les  per  un i t

mass t o  b e  d e t e r m i n e d  f o r  e a c h  s e d i m e n t  o r  S P M  t y p e .  T h e  r e s u l t s  a r e  s-a.

r i z e d i n  F i g u r e  5 - 3  f o r  t h e  e i g h t  n a t u r a l  s e d i m e n t s  a n d  o n e  n a t u r a l  S P M  t y p e

u s e d  i n exper iments . The re la t ionsh ips  between par t ic le  number  dens i ty  and

sediment m a s s  f o r  e a c h  o f  t h e  s e d i m e n t  a n d  S P M  t y p e s  i s  also  i l l u s t r a t e d  i n

F i g u r e  5 - 4 . A s  e v i d e n c e d i n  Figure  5 - 3 , Grewingk  g lac ia l  till  showed the

h i g h e s t  n u m b e r  d e n s i t y  o f  p a r t i c l e s  p e r  u n i t  d r y  w e i g h t ,  w h i l e  t h e  yukon  Delta

sediment e x h i b i t e d  t h e  l o w e s t , Because number densit ies per unit  mass wi l l  be

i n v e r s e l y r e l a t e d  t o  t h e  a v e r a g e  s i z e  of  p a r t i c l e s ,  t h i s  i n f o r m a t i o n  p r o v i d e s

a d d i t i o n a l i n s i g h t  i n t o t h e  s i z e  s p e c t r a  o f  p a r t i c l e s  c o m p r i s i n g  t h e  v a r i o u s

sed iment and SPM types. From the in format ion  in  F igures  5-2  and 5-4 ,  Grewingk

t i l l  w a s charac ter ized by  the  greates t  number  o f  smal l  par t i c les ,  while  Y u k o n

Del ta  sed iment  was charac ter ized by  much h igher  abundances o f  la rger  par t ic les .

These t rends are  conf i rmed by  the  observat ions  f rom the photomicrographs  of the

various sediment and SPM types (Figure 5-1).

The r e s u l t s  o f  s p e c i f i c  d e n s i t y  d e t e r m i n a t i o n s  in  t h e  v a r i o u s  s e d i m e n t

and SPM types are summarized in Table 5-2 and, for the most part,  show expected

t r e n d s . T h e  l o w e s t  v a l u e s  ( i . e . , 2.51) were measured in Prudhoe Bay and Peard

Bay sed iments . The highest values were measured in Yukon Delta sediment and

G r e w i n g k  g l a c i a l  t i l l  ( 2 . 7 7  a n d  2 . 7 6 ,  r e s p e c t i v e l y ) . A n  i n s u f f i c i e n t  a m o u n t  o f

Jakolof  Bay sed iment  was present  to  a l low fo r  a  spec i f i c  dens i ty  measurement .

Chemica l  Proper t ies

Tab les 5-3  th rough 5-5  present  the  resu l ts  o f  the  chemica l  charac ter -

i z a t i o n s . Figure 5-5 presents FID chromatograms of background hydrocarbon com-

pos i t ions  in  each o f  the  var ious  types o f  sed iment  and SPM.
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Table 5-2

Solids Density of Various Alaskan Marine Sediments

SPM Site Denaisy (g/crnj

Yukms Delta
Peard Bay
Tusnagain Arm
Bcaufon Sea
Pmdhu Bay
Kotzcbe
Grcwingk Glacier
Jakolof Bay

‘ ncx analyzed due so insufficient sample

277
251
2.64
2S5
251
270
276

NA’

Table 5-3

Total Organic Carbon (TOC) Concentrations for Various Alaskan Marine Sediments

SPM Site I-W Coneastrasias (J@)a

Tosrsagain Arsn (l@ 1)
Turmsain Arnr (Rcp2)
Gmwinsk Glacier
Beaufost sea
Prudhoe Bay (@1)
Prudhoe Bay (Rep 2)
Kotubue (RqY 1)
Kotzebue (I@ 2)
Peasd Bay
Yukon Deha (Rep 1)
Yllkar Della (Rep 2)
Jakolof Bay

‘based on sasnple dry weights

3,$@I
5340
2,050
6,150

14,700
13,700
7510
7,630
Il?soo
5,470
5,220
6,490
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Table 5-4

Background Hydrocarbon Content of Various Alaskan Marine Sediments

SPM Site Torsd Resolved Hydrocarbcm Cmeentmtiom (mS/g)’

Tumagaiss An-n
Grwingk Glacier (Rep 1)
Grewingk Glacier (Rep 2)
Beaufort Sea
Prudhoe Bay
Kotzebue
Pcard Bay
Yuke4r Delta (I&p 1)
Yukal Delta (Rep 2)
Pea
Ldcolof Bay

‘based m sample@ weighu

3.4
2 2
1.2
8.3

26
43
18
0.05
0.0s

78
S62

Table 5-5

Summary of the X-Ray Diffraction R4ineralogy

Sample Alpha-Quartz Feldspar ClllonIc mm Kaolite other

Beaufort Sea Major Mina+ M.imx+ Minor+ Intermediate —
Iakolof Major Irswrncdiatc Mimx Trace Minor —
Peard Bay Major Minor Minor+ Minor-
Pmdhoc Bay

Mina
Major

Olivine?
Minor+ Minor Mina+ Minor+ Calcite (lmerrnediare)

Kotzebue Major
Dolomite (Minor+)

rntcmscdiatc Im.smrlediate Minor+ Missor Olivinc?

sample Alptra-Qoanz Feldspar chlorite Mica Other

‘hnagain Major Intermediate+ Mina Minor Hornblende (Minor)
Yukon Major Inrermediarc+ Trace? Tmec Sanadine/A4icroclinc (tntemredhe)
Grwingk Major Intermediate+ Minor+ Trace Hornblende (Trace)
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Figure 5-5. GC/FID Chromatograms Depicting: A) Prudhoe Bay sediment, B) Beaufoti Sea
sediment, and C) Beaufofi Baa peat
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Figure 5=5. (Ccmtlnued)  GC/Fl13 Chromatogmms D e p i c t i n g :
Beaufort Sea sediment, and C) Beaufort Sea peat

A) Prudhoe Bay sediment, B)
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Figure  5-5. (Cont inued)  GC/FID  Chromatograms Deplctlng:  A) Prudhoe Bay sediment, B)
Beaufort Sea sediment, and C) Beaufort Sss past
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T h e  r e s u l t s  o f  T O C  a n a l y s e s  ( T a b l e  5 - 3 )  s h o w  r e l a t i v e l y  l i t t l e  v a r i a -

t i o n among t h e e i g h t s e d i m e n t  a n d  SPM types in the table. The values range

f r o m  a l o w  o f  2 0 5 0  pgjg  d r y  w e i g h t  f o r  Grewingk  g l a c i a l  t i l l  t o  a  h i g h  o f

1 4 , 2 0 0  pg/g  dry  we ight  fo r  Prudhoe Bay sed iment . Wi th  the  except ion  o f  Peard

B a y  s e d i m e n t  at  11,500 pg/g, the  remain ing  f i ve  sample  TOC leve ls  fa l l  rough ly

between 4 5 0 0  a n d  7 5 0 0  pg/g. T h e s e  l e v e l s  a r e  i n  a g r e e m e n t  w i t h  r e c e n t l y

p u b l i s h e d s t a t i s t i c a l rev iew o f  sur face sed iment  contaminant  leve ls  (Bronson,

1 9 8 8 )  t h a t  c a l c u l a t e s  a  g e o m e t r i c  m e a n o f  5 6 3 5  pg TOC/g  dry  we ight  fo r  48

sed iment  samples  co l lec ted  f rom the  nor thern  Ber ing  Sea.

M u c h  g r e a t e r variat ion between the sediment and SPM types is seen in

Tab le  5-4  and F igure  5-5  fo r  hydrocarbon contents . I n  t h i s  c a s e , t h e  l e v e l s  o f

background hydrocarbons range f rom ext remely  low concent ra t ions  fo r  Yukon Del ta

sediment ( <  0 . 0 5  pg/g) to  h igh concent ra t ions  fo r  Jakolof  Bay sed iment  (862

%/@  . The FID chromatograms  in Figure 5-5 show a noteworthy absence of hydro-

c a r b o n  p e a k s i n  b o t h  t h e  Y u k o n  D e l t a  s e d i m e n t  ancl t h e  G r e w i n g k  g l a c i a l  t i l l .

Most  o f  the  o ther  pro f i les  show a predominance o f  odd carbon n-alkanes  that are

e i ther  skewed toward the  heav ier  molecu lar -we ight  end ( i .e . ,  Prudhoe B a y ,  B e a u -

for t  Sea and Kotzebue sed iment  samples)  o r  a re  more even ly  d is t r ibu ted in  the

B e a u f o r t  S e a  p e a t , the Jakolof  Bay and Peard Bay sediments, and the Turnagain

Arm SPM. I n  t h e  p r e v i o u s l y  m e n t i o n e d  s t a t i s t i c a l  r e v i e w  ( K a p l a n ,  e t  a l . ,  1 9 7 9

and 1980), the  raw data  show tabularized  resu l ts  o f  de ta i led  hydrocarbon ana ly -

ses of Norton Sound sediments. T h e  l a t t e r  d a t a  a l s o  r e f l e c t  a  h i g h e r  d e g r e e  o f

v a r i a b i l i t y  i n  h y d r o c a r b o n  l e v e l s  f r o m  d i f f e r e n t  s e d i m e n t  s o u r c e s  a s  o p p o s e d  t o

t h e  c o r r e s p o n d i n g  v a r i a b i l i t y  i n  T O C  c o n c e n t r a t i o n s .

Complete results of the sediment and SPM minera l  content  as  de termined

b y  X - r a y  d i f f r a c t i o n  ( i n c l u d i n g  s t r i p - c h a r t  r e c o r d i n g s  a n d  a  d i s c u s s i o n  o f  t h e

r e s u l t s ) are provided in Appendix C. The results are summarized in Table 5 - 5 ,

As i n d i c a t e d  i n  t h e  t a b l e , a l p h a - q u a r t z  i s  t h e  m a j o r  c o n s t i t u e n t  i n  a l l  o f  t h e

sed iment and SPM types, Fe ldspar  accounts  fo r  in te rmedia te  amounts  in  f i ve  o f

the eight samples and minor amounts in the remaining three samples. I n t e r m e d i -

a t e amounts o f t h e  f o l l o w i n g  m i n e r a l s  w e r e  f o u n d :  kaolinite  i n  B e a u f o r t  S e a

sed iment , c a l c i t e in Prudhoe Bay sediment, ch lor i te  in  Kotzebue sed iment ,  and
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sanadine/microcline i n  Y u k o n  D e l t a  s e d i m e n t . Minor  and/or  t race amounts  o f

m i c a ,  h o r n b l e n d ,  illite, and do lomi te  were  detec ted in  cer ta in  samples .

F r o m  t h e i n f o r m a t i o n  p e r t a i n i n g to  the  above phys ica l  and chemica l

p r o p e r t i e s ,  i t appears that the eight sediments and one SPM type selected for

oil/SPM i n t e r a c t i o n s t u d i e s a re s u f f i c i e n t l y  v a r i e d , w h i l e s t i l l  b e i n g

r e p r e s e n t a t i v e  o f c o a s t a l  A l a s k a n sedimentary or SPM types. Because of the

t i m e - c o n s u m i n g  n a t u r e  a n d  l o g i s t i c a l  p r o b l e m s  a s s o c i a t e d  w i t h  t h e  c o l l e c t i o n  o f

l a r g e volumes of  na tura l  SPM,  most  o f  the  o i l  droplet/SPM  i n t e r a c t i o n  e x p e r i -

ments were c o n d u c t e d  w i t h  t h e s i e v e d , natura l  sed iment  types. However ,  in

o r d e r t o  e v a l u a t e  t h e  p o s s i b i l i t y  o f  a n  i n t r o d u c e d  b i a s  r e s u l t i n g  f r o m  t h e  u s e

o f s i e v e d sediments as  opposed to  t rue  natura l  SPM,  one in  s i tu  SP!.1 type  was

c o l l e c t e d  f r o m  T u r n a g a i n  A r m  a n d  u s e d  i n  c e r t a i n  e x p e r i m e n t s . T h e  r e s u l t s  o f

t h e above p h y s i c a l  a n d  c h e m i c a l p r o p e r t y  d e t e r m i n a t i o n s i n d i c a t e  t h a t  n o

i n h e r e n t  d i s p a r i t i e s in propert ies occurred between the Turnagain Arm SPM and

t h e var ious  sed iment  types . Consequently, compar isons o f  exper imenta l  resu l ts

us ing  the  s ieved natura l  sed iments  w i th  those o f  the  one t rue  SPM ( i .e .  ,  Turna-

ga in  Arm)  appear  to  be appropr ia te  and va l id .

5 . 2 WHOLE-OIL DROPLET/SPM INTERACTION KINETICS

T h e  d e r i v a t i o n  a n d  p e r t i n e n t  c h a r a c t e r i s t i c s  o f  a l g o r i t h m s  c e n t r a l  t o

the  mathemat ica l  mode ls  deve loped fo r  th is  p rogram ( i .e .  ,  the  o i l  d rop le t  model

w i t h  e x c e s s  S P M , t h e  S P M  m o d e l , and t h e  o i l  d r o p l e t  a n d  S P M  m o d e l )  a r e

d iscussed i n  S e c t i o n  3 . 2 . T h e  m a j o r  o b j e c t i v e  o f  l a b o r a t o r y  e x p e r i m e n t a l

e f f o r t s t o  e v a l u a t e i n t e r a c t i o n  k i n e t i c s  b e t w e e n  w h o l e - o i l d r o p l e t s  a n d

suspended sed imentary m a t e r i a l s  f o r  t h e  m o d e l s  w a s  t o  d e r i v e  v a l u e s  f o r  t h e

“ l u m p e d ”  r e a c t i o n  c o e f f i c i e n t  ac ( i . e . , t h e  r a t e  c o n s t a n t  f o r  r e m o v a l  o f  “ f r e e ”

o i l  d r o p l e t s due to  reac t ion  w i th  SPM par t i c les) . E f f e c t s  o f  v a r i a t i o n s  i n  a

numb e r o f  p e r t i n e n t  e n v i r o n m e n t a l  v a r i a b l e s ( i . e . , sediment or SPM type,

q u a n t i t y  a n d  t y p e  o f  o i l ,  s a l i n i t y , and turbu lence leve l )  upon va lues o f  a
c

were i n v e s t i g a t e d . In the end, v a l u e s  f o r  a i n  t h e  c o n t e x t  o f  r e a l i s t i cc
v a r i a t i o n s  i n t h e env i ronmenta l v a r i a b l e s  o f i n t e r e s t can be used in  the

cor respond ing mass ba lance equat ions  in  the  models  in  Sect ion  3 .2 .
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5 . 2 . 1 Conceptual Approach

T h e  e x p e r i m e n t a l  a p p r o a c h  u s e d t o  i n v e s t i g a t e  i n t e r a c t i o n s  b e t w e e n

whole o i l  d r o p l e t s and SPM is  descr ibed in  de ta i l  in  Sect ion  4 .2 . The major

e f f o r t  o f the  approach invo lved documenta t ion  and quantitation  of decl ines in

n u m b e r  d e n s i t i e s  o f  “ f r e e ”  o i l  d r o p l e t s  ( i . e .  , o i l  d r o p l e t s  t h a t  h a d  n o t  r e a c t -

e d  w i t h  S P M )  o v e r  t i m e  in  t u r b u l e n t  r e a c t i o n  s o l u t i o n s  c o n t a i n i n g  o i l  d r o p l e t s

and SPM, A prerequ is i te  fo r  the  implementa t ion  o f  the  exper imenta l  approach

that  was used requ i red  tha t  number  dens i t ies  o f  SPM par t ic les  be substant ia l l y

i n excess o f  those for “ f r e e ”  o i l  d r o p l e t s . A s  n o t e d  i n  S e c t i o n  4 . 2 . 5 ,  r a t i o s

o f  number  dens i t ies  o f  SPM to  o i l  d rop le ts  a t  the  s tar t  o f  all  e x p e r i m e n t s  w e r e

always > 3. T h e  i n i t i a l  e q u a t i o n  f o r  a n a l y z i n g  d a t a  f r o m  t h e  o i l  droplet/SPM

i n t e r a c t i o n  e x p e r i m e n t s  i s

C  =  Coe(-k)t  o r  ln(C/Co)  == -kt

where C is  the  number  dens i ty  o f “ f r e e ”  o i l  d r o p l e t s  a t  t i m e  t ,  C O  i s  t h e  n u m -

b e r  d e n s i t y  a t  t i m e  tO, and k  is  the  react ion  ra te  constant  descr ib ing the de-

c l i n e  i n  “ f r e e ”  o i l d r o p l e t s over  t ime. Va lues  fo r  k  were  ca lcu la ted  f rom

l e a s t - s q u a r e s fits of the “ f r e e ”  o i l  d r o p l e t  d a t a  t o  t h e  a b o v e  e q u a t i o n ( s ) .

A l t h o u g h  t h e s t i r r e d  r e a c t i o n  v e s s e l  e x p e r i m e n t s  w e r e  r o u t i n e l y  c o n d u c t e d  f o r

25 min the i n t e r a c t i o n  r a t e  c o n s t a n t s  ( k )  w e r e  o n l y  d e t e r m i n e d  f o r  d a t a  f r o m

t h e  f i r s t  1 5  m i n  o f  r e a c t i o n s . In  the  contex t  o f  the  exper imenta l  approach in

S e c t i o n  4 . 2 . 5 ,  t h e  u n i t s  f o r  k  w e r e  r e c i p r o c a l  m i n u t e s .

The ra te  constant  k  can a lso  be descr ibed by  the  equat ion

k -  a(,/lJ/2s

where S is the  (excess)  SPM concent ra t ion  in  the  exper imenta l  reac t ion  so lu-

t i o n , c is  the  energy  d iss ipa ted per  un i t  mass o f  water  per  un i t  t ime,  u  is  the

k i n e m a t i c v iscos i ty  o f  the  aqueous medium and a is  the  “ lumped”  reac t ion  coef -

f i c i e n t t a k i n g i n t o account  not  on ly  geometr ic  fac tors  such as  heterogeneous

s i z e  d i s t r i b u t i o n s o f  t h e  o i l  d r o p l e t s  a n d  S P M  b u t  a l s o  t h e  “ s t i c k i n g ”  f a c t o r

b e t w e e n  o i l d r o p l e t s and SPM. Determinat ions of  va lues  fo r  the  “ lumped”

112



r e a c t i o n c o e f f i c i e n t a  were  the  pr imary  purpose o f  the  labora tory  exper iments

s u m m a r i z e d  i n  t h i s  s e c t i o n  o f  t h i s  r e p o r t .

I n  a d d i t i o n  t o t h e  o i l  d r o p l e t  n u m b e r  d e n s i t y  d a t a  t h a t  a l l o w e d  f o r

c a l c u l a t i o n s  o f va lues  fo r  k ,  necessary  in format ion  fo r  the  fo l lowing parame-

ters  was a lso  recorded fo r  spec i f i c  exper iments :

1 )  t o r q u e  (r)  in ounce(force)  - i n c h e s ,

2 )  p r o p e l l e r  s p e e d  ( w )  i n  r e v o l u t i o n s

3 )  t h e  t o t a l  S P M  c o n c e n t r a t i o n  ( S )  i n

p e r  m i n u t e  (rpm),

mg dry wt/L,  a n d

4 )  t h e  t o t a l  s o l u t i o n  v o l u m e  ( V )  i n  t h e  s t i r r e d  r e a c t i o n  v e s s e l .

T h e  v a l u e s  f o r  t h e s e  f i v e  e s s e n t i a l  i t e m s  ( i . e . , k, ~, w, S and V) were then

used to  ca lcu la te  the  fo l lowing parameters :

1 )  e n e r g y  d i s s i p a t i o n  ( E )  i n  e r g s / s e e ,

2 )  (6/u)l/2,  a n d

3 )  a i n  u n i t s  o f  c m 3 / g<

T h e  v a l u e f o r  e n e r g y d i s s i p a t e d  p e r  u n i t  t i m e  b y  t h e  r o t a t i n g  p r o p e l l e r  w a s

c a l c u l a t e d  a s  f o l l o w s :

E in ergs/see - (w rpm)(r  ounce-  inches)(7400)

where the number  7400 takes in to  account  un i t  convers ion fac tors . The energy

d i s s i p a t e d  p e r  u n i t  t i m e  p e r  u n i t  m a s s  b y  t h e  r o t a t i n g  p r o p e l l e r  i s  t h e n  c a l c u -

l a t e d  a s :

c i n  e r g s / g - s e e  -  (E  in  ergs/sec)(V  in  liters)(1000)

where 1000 is  aga in  a  necessary  un i t  convers ion fac tor . When the values for k

are -1c o n v e r t e d  t o u n i t s o f  sec and SPM concentrat ions (S) are converted to

u n i t s  o f  g / c m 3 , the “ lumped” r e a c t i o n  c o e f f i c i e n t  o f  i n t e r e s t  ( a )  c a n  b e  c a l c u -

l a t e d  f o r  a  p a r t i c u l a r  r e a c t i o n  v e s s e l  s o l u t i o n  u s i n g  a n  a p p r o p r i a t e  v a l u e  f o r
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t h e  k i n e m a t i c  v i s c o s i t y  ( v )  o f  t h e  r e a c t i o n  m e d i u m  ( i . e .  ,  0 . 0 1  cm2/sec  for  ex-

p e r i m e n t s  p e r f o r m e d  i n  t h i s  r e p o r t ) . T h e  value  fo r  a  is  ca lcu la ted as :

a=

For

v a l u e s  f o r  u ,

k/[(c/u) 1/2~1  .

t h e  p u r p o s e  o f  d e m o n s t r a t i n g  t h e  e n d  r e s u l t  o f  d e r i v i n g  p e r t i n e n t

c o n s i d e r  t h e  f o l l o w i n g  v a l u e s :

1 )  t o r q u e  (r) -  0 . 5  o u n c e - i n c h

2 )  p r o p e l l e r  s p e e d  ( w )  -  4 0 0  r p m
.

3 )  s l o p e  o f “ f r e e ”  o i l  d r o p l e t  n u m b e r  d e n s i t y  d a t a  ( k )  -  - 0 . 1 0  r e i n - L

4)  SPM concent ra t ion  (S)  -  100 mg dry  wt/L,  and

5 )  r e a c t i o n  s o l u t i o n  v o l u m e  ( V )  -  3.

C a r r y i n g t h r o u g h  t h e  c a l c u l a t i o n s  w i t h  t h e s e

p i e , o n e  d e r i v e s  a  v a l u e  o f  0 . 0 8 1  cm3/g  for

a .

5 L.

“ e x p e r i m e n t a l ” v a l u e s  a s  an exam-

the “ lumped” r e a c t i o n  c o e f f i c i e n t

I t  s h o u l d  b e  n o t e d  t h a t  t h e  c o e f f i c i e n t  a i s  n o t  u s e d  d i r e c t l y  i n  t h e

m a t e r i a l  b a l a n c e  e q u a t i o n s  d e s c r i b e d  i n  S e c t i o n  3 .  The a p p r o p r i a t e  r e a c t i o n

term ac tua l ly  appears  in  the  mathemat ica l  der iva t ions  as  e i ther  acC  when SPM is

in excess or a cCS when SPM is not in excess. I n  e i t h e r  i n s t a n c e ,  v a l u e s  f o r  a c

a r e  t y p i c a l l y  i n  u n i t s  o f  g/cm3-sec. Thus, in the case where SPM is in excess,

V2S  ,a -  cY(e/u)
c

which is the same form used for the experimental measurements made in this pro-

g r a m  ( i . e . , see pro toco l  descr ibed in  Sect ion  4 .2 .5  and resu l ts  summar ized in

S e c t i o n 5 . 2 . 2 ) . When SPM is not in excess, t h e  r e a c t i o n  c o e f f i c i e n t  i s  d e -

scr ibed by  the equat ion :

a -  a(e/v)l/2.
c
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I f  v a l u e s  f o r  t h e  S P M  c o n c e n t r a t i o n (S) of 1 g/L (i.e., 0.001

1’2=10  sec -1g/cm3)and  (c/u) are used in a si tuat ion where the SPM is in excess,

t h e n  t h e  v a l u e  f o r  t h e  r e a c t i o n  c o e f f i c i e n t  b e c o m e s :

=  (0 .081 cm3/g)(10  s e c ‘ 1 ) ( 0 . 0 9 1  g,/cm3)
-1a -  0 . 0 0 0 8 1  s e c  .c

Thus , the  va lue fo r  the  te rm QCC i n  m a t e r i a l  b a l a n c e  c a l c u l a t i o n s  h a s  u n i t s  o f

g/cm3-secj which are the same as those for dC\dt. A t  the  same t ime,  the  va lue

for CYc becomes the  fo l lowing i f  S P M  i s  no t  in  excess :

a -  0 .81  cm3/g-sec.c

The preced ing ca lcu la t ions  are  presented as  examples  o f  “exper imenta l -

l y ” d e r i v e d  r a t e  c o n s t a n t s  o r  c o e f f i c i e n t s  t h a t  c o u l d  b e  u s e d  i n  t h e  a p p r o p r i -

a t e a l g o r i t h m s f o r  t h e computer code models described in Sections 3.2 and 6

( i . e . ,

S e c t i o n

5 . 2 . 2

OILSPMXS i f  the SPM is in excess and 01LSPM3 if  SPM is  no t  in  excess  in

6 ) .

E x p e r i m e n t a l l y  D e r i v e d  W h o l e - O i l  Droplet-SPM  In terac t ion  Rate
Constants

A s  i n d i c a t e d  p r e v i o u s l y  i n  T a b l e  4 - 1 , a  la rge number  o f  labora tory  ex-

p e r i m e n t s  w e r e  p e r f o r m e d  t o  o b t a i n  va lues  fo r  who le-o i l  droplet-SPM  i n t e r a c t i o n

r a t e c o n s t a n t s . To prov ide env i ronmenta l  re levance to  resu l ts  tha t  cou ld  then

be used in  the  model  codes d iscussed in  Sect ions  3 .2  and 6 ,  the  labora tory  ex-

per iments i n t e n t i o n a l l y  i n c o r p o r a t e d  v a r i a t i o n s  i n  a  n u m b e r  o f  p e r t i n e n t  e n v i -

r o n m e n t a l  p a r a m e t e r s , i n c l u d i n g  S P M  t y p e s , q u a n t i t i e s  a n d  t y p e s  o f  o i l ,

s a l i n i t y  a n d  t u r b u l e n c e  l e v e l s .

A s  n o t e d  i n  S e c t i o n  4 . 2 ,  p h o t o m i c o g r a p h y  p l a y e d  a n  i n t e g r a l  p a r t  i n

t h e s t u d i e s  o f  o i l  droplet/SPM  i n t e r a c t i o n s . Examples of photomicrographs ob-

t a i n e d f r o m  e x p e r i m e n t s  a r e i l l u s t r a t e d  i n  F i g u r e  5 - 6 . T h e  f i g u r e  c o n t a i n s

prints  f o r  1 )  d i s p e r s e d  o i l  d r o p l e t s ,  2 )  u n r e a c t e d  o r  “ u n o i l e d ”  Grewingk  g l a -

c i a l t i l l  and 3) oil/SPM  a g g l o m e r a t e s  f o l l o w i n g  i n t e r a c t i o n  b e t w e e n  t h e  till

and o i l  d r o p l e t s . T h e  l a t t e r  p h o t o g r a p h  i l l u s t r a t e s  t h a t  t h e  o i l  d r o p l e t s

could become “coated”  w i th  SPM f o l l o w i n g  i n t e r a c t i o n s  b e t w e e n  t h e  t w o  p h a s e s .
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Furthermore , t h e  f o c a l  p l a n e  o f  t h e  m i c r o s c o p e  f o r  t h e  p h o t o g r a p h  o f  t h e

oil/SPM  agg lomerates  ( i .e .  , F i g u r e  5-6c)  was the same as that for the unreacted

t i l l  ( F i g u r e  5 - 6 b ) .  C o n s e q u e n t l y , t h e  oil/SPM  a g g l o m e r a t e s  tended  to sink in

the  water  co lumn ( i .e .  , they  behaved l i ke  unreacted  SPM in this sense). Should

comparable oil/SPM  a g g l o m e r a t e s  b e  f o r m e d  i n  r e a l - w o r l d  s i t u a t i o n s ,  t h e i r  b e -

hav ior  wou ld  tend to  favor  t rans fer  o f  o i l  to  benthic  e n v i r o n m e n t s .

Quantitation  o f  i n t e r a c t i o n s between whole oi l  droplets and SPM was

d o n e  b y  d e t e r m i n i n g  c h a n g e s i n  n u m b e r  d e n s i t i e s  o f  “ f r e e ”  o i l  d r o p l e t s  o v e r

t i m e i n  p h o t o m i c r o g r a p h s  f r o m  a  g i v e n  s t i r r e d  r e a c t i o n  v e s s e l  e x p e r i m e n t .  T h e

number  dens i ty  data  fo r  the  o i l  d rop le t  counts  were  subsequent ly  t rans formed to

t h e i r n a t u r a l  l o g a r i t h m  e q u i v a l e n t s  a n d  a  l i n e a r - r e g r e s s i o n  l i n e  f i t t e d  t o  t h e

d a t a . E q u a t i o n s  d e s c r i b i n g  c h a n g e s  i n  n u m b e r  d e n s i t i e s  o f  “ f r e e ”  o i l  d r o p l e t s

a r e  t h e  f o l l o w i n g :

c -  COek(t)  or in(C) = ln(CO)  + (k)t

where C and CO are numbers of “ f r e e ”  o i l  d r o p l e t s  p e r  p h o t o m i c r o g r a p h  a t  t i m e s

t  a n d  t ~,  r e s p e c t i v e l y , and k  is  the  ra te  constant  descr ib ing the change in  the

numb e r d e n s i t y  o f  t h e  d r o p l e t s  o v e r  t i m e . A  t y p i c a l  i l l u s t r a t i o n  o f  d a t a  g e n -

era ted by  th is  approach is  presented in  F igure  5-7 . Number  dens i ty  da ta  in  the

f igure  are  shown for  two exper iments : 1)  a  react ion  vesse l  conta in ing unweath-

e r e d  P r u d h o e  B a y  c r u d e oi l  and Yukon Delta  sediment that had been sieved to

< 53 pm and 2)  the  cor respond ing cont ro l  exper iment  tha t  conta ined unweathered

Prudhoe Bay crude, but no SPM. In  the absence o f  any react ion  between “ f ree”

o i l  d r o p l e t s and SPM,  there  shou ld  be no change in  the  number  dens i ty  o f  o i l

d r o p l e t s  o v e r  t i m e . T h i s  i s  s h o w n  in  t h e  f i g u r e  f o r  t h e  c o n t r o l  e x p e r i m e n t

that had no SPM. I n  c o n t r a s t , a  l o g a r i t h m i c  d e c l i n e  i n  t h e  n u m b e r  d e n s i t i e s

f o r t,free,l o i l  d r o p l e t s ( i . e . , t r a n s l a t e d  t o  a l i n e a r  d e c l i n e  f o l l o w i n g

t ransformat ion  o f  da ta  to  natura l  logar i thm equ iva lents )  wou ld  be expected when

i n t e r a c t i o n s occur  be tween o i l  d rop le ts  and SPM. Th is  is  shown in  the  f igure

f o r  t h e exper iment c o n t a i n i n g o i l  and Yukon De l ta  SPM. The s lopes o f  the

l i n e a r  r e g r e s s i o n  l i n e s  f i t t e d  t o  t h e  d a t a  c o r r e s p o n d  t o  t h e  r a t e  c o n s t a n t s  ( k )

f o r  i n t e r a c t i o n s  b e t w e e n  “ f r e e ”  o i l  d r o p l e t s  a n d  a v a i l a b l e  S P M . I n  c o n j u n c t i o n

w i t h accompanying e x p e r i m e n t a l m e a s u r e m e n t s  f o r  t h e  v o l u m e  of a r e a c t i o n
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Figure 5-7. Representative Data  Plots IJeed so Generate  Ra8e Constants “k”  for .!ntwactkxm Between Whcde-011 Droplets and  SPM

Values f(x “k” are uivalent to the dopes  of the linear regression lines  fired m the data in the figure. Unweathered Frudhoe Bay muck oil at
3040 l’n@L  was 3 for both expwimems.



s o l u t i o n , the  to ta l  SPM load,  and the to rque and ro ta t ion  speed o f  the  s t i r r ing

p a d d l e ,  a  v a l u e f o r  k  c a n  b e  u s e d  t o  c a l c u l a t e  a  n u m b e r  f o r  t h e “lumped”

r e a c t i o n c o e f f i c i e n t (cz) f o r  i n t e r a c t i o n s  b e t w e e n  o i l  d r o p l e t s  a n d  S P M  u s i n g

e q u a t i o n s  p r e s e n t e d  i n  S e c t i o n  5 . 2 . 1 .

I n  o r d e r  t o  a t t r i b u t e  d e c l i n e s  i n  “ f r e e ” o i l  d r o p l e t  n u m b e r  d e n s i t i e s

t o  oil/SPM i n t e r a c t i o n s , c o n t r o l  e x p e r i m e n t s  i n  s t i r r e d  r e a c t i o n  v e s s e l s  w e r e

c o n d u c t e d  w i t h  o i l  b u t  n o  S P M . T h e o r e t i c a l l y , these exper iments  shou ld  y ie ld

v a l u e s  o f  O  f o r  t h e  r e a c t i o n  r a t e  c o n s t a n t  k . Tab le  5-6  summar izes  in fo rmat ion

f r o m  a  n u m b e r o f  t h e s e  c o n t r o l  e x p e r i m e n t s , and inc ludes n o t  o n l y  r e g r e s s i o n

v a l u e s  f o r  k  b u t  a l s o  i n d i c a t i o n s  o f  w h e t h e r  t h e  v a l u e s  w e r e  s i g n i f i c a n t l y  d i f -

f e r e n t  f r o m  O  ( a l p h a  -  0 . 0 5  l e v e l ) . In  on ly  one ins tance was a  va lue fo r  k  de-

t e r m i n e d to be different from O, and t h e  v a l u e  f o r  r e j e c t i o n  o f  t h e  n u l l

h y p o t h e s i s  o f  k  - 0  i n  t h i s  o n e  e x c e p t i o n  w a s  o n l y  s l i g h t l y  g r e a t e r  t h a n  t h a t

r e q u i r e d  f o r  a c c e p t i n g  t h e  n u l l  h y p o t h e s i s .

Table S-6

SummaryofInteraction  RateConstants”k” for CoMrolExperiments  ContainingOilBut NoSPM

Gil hlounl salinity
Gil-1-yQe

Rue  Gmqant
(WA-) @) k(ti)

UnwcnhemdPnAce Baycmdeoil 38.8
30.7
14.8
23.0
7.8

226
31.5

12daywcahxcdPrudhcc Baycnxk 620
13.8
44.1

WTGlticrBayWea!hend NonhSlopccru& 5.3
UnwcnthercdNo.1 focloiJ 8.3

● valuesforktlut wcsignificantly diHercnLfrun Oatthea=O.OS Ievclwcindhtcd by*

0.0
13.0
30.0
30.0
30.0
30.0
30.0

0.0
29.0
29.0

30.0-
30.0

0.02
-0.02
0.01
-o.m
0.01
0.02”
4.01

0.01
0.01
4.01

-0.01
4.CO
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T h e  a p p r o a c h  u t i l i z i n g  d e c l i n e s  i n “ f r e e ”  o i l  d r o p l e t  n u m b e r  d e n s i t i e s

was a p p l i e d t o  a l l  e x p e r i m e n t a l  d a t a  d e s i g n e d  t o  i n v e s t i g a t e  i n t e r a c t i o n s  b e -

tween o i l  d rop le ts  and SPM. Al l  da ta  fo r  va lues  of  b o t h  t h e  r e a c t i o n  c o n s t a n t

( k )  a n d  t h e  “ l u m p e d ”  r e a c t i o n  c o e f f i c i e n t  ( a )  f r o m  e x p e r i m e n t s  h a v i n g  b o t h  o i l

and SPM are  summar ized in  Tab le  5-7 . A l s o  i n c l u d e d  i n  t h e  t a b l e  a r e  i t e m s  o f

i n f o r m a t i o n f r o m  e a c h  e x p e r i m e n t  f o r  S P M  t y p e s  a n d  q u a n t i t i e s ,  o i l  t y p e s  a n d

q u a n t i t i e s , s a l i n i t i e s , r e a c t i o n  s o l u t i o n  v o l u m e s ,  a n d  t o r q u e s  a n d  p r o p e l l e r

r o t a t i o n speeds. Va lues fo r  k  are  ca lcu la ted fo r  every  exper iment ,  and those

v a l u e s t h a t  a r e  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  O  a t  t h e  a l p h a  w . 0 5  l e v e l  ( i . e . ,

d e n o t i n g s o m e  s t a t i s t i c a l l y  s i g n i f i c a n t  c h a n g e  i n  o i l  d r o p l e t  n u m b e r  d e n s i t i e s

over  t ime)  are  ind ica ted by  a “Y”  in  the  appropr ia te  co lumn. Because essent ia l

i t e m s  o f  i n f o r m a t i o n  ( e . g . , to rque and rpm va lues)  were  miss ing fo r  cer ta in  ex-

p e r i m e n t s , v a l u e s  f o r  t h e  “ l u m p e d ”  r e a c t i o n  c o e f f i c i e n t  a  c o u l d  n o t  b e  d e t e r -

mined f o r  e v e r y  e x p e r i m e n t . D iscuss ions  o f  the  re levance o f  the  va lues  fo r  k

a n d  a i n  t h e  c o n t e x t  o f  t h e  e x p e r i m e n t a l  v a r i a b l e s  o f  i n t e r e s t  a r e  p r e s e n t e d  i n

S e c t i o n s  5 . 2 . 2 . 1  t h r o u g h  5 . 2 . 2 . 4 .

.

5 . 2 . 2 . 1  E f f e c t  o f  S P M  T y p e

O i l  droplet/SPM i n t e r a c t i o n  r a t e  c o n s t a n t s  w e r e  e v a l u a t e d  i n  e x p e r i -

ments  fo r  e igh t  na tura l  sed iments  and one natura l  SPM co l lec ted in  or  near  var -

ious  coasta l  env i ronments  in  A laska. These sediment and SPM types included the

f o l l o w i n g : B e a u f o r t  S e a  s e d i m e n t (< 53 pm), Beaufort Sea peat (< 53 pm),

G r e w i n g k  g l a c i a l  t i l l  (<  5 3  p m ) , Jakolof  Bay sediment (< 53 pm), Kotzebue

s e d i m e n t  ( <  5 3  p m ) ,  P e a r d  B a y  s e d i m e n t  ( <  5 3  p m ) ,  P r u d h o e  B a y  s e d i m e n t

(< 53 pm), Yukon R iver  De l ta  sed iment  (<  53  ~m) a n d  T u r n a g a i n  A r m  S P M .  A s

ind ica ted,  a l l  o f  the  sed iment  phases were  pres ieved through a  53 pm g e o l o g i c a l

s i e v e  p r i o r  t o t h e i r  u s e  i n  e x p e r i m e n t s , while the Turnagain Arm SPM not

s i e v e d .

A l t h o u g h  d a t a  p e r t a i n i n g t o  i n d i v i d u a l  e x p e r i m e n t s  c a n  b e  e x t r a c t e d

f r o m  T a b l e  5 - 7 ,  v a l u e s  f o r  r e a c t i o n  r a t e  c o n s t a n t s  k  f o r  t h e  v a r i o u s  S P M  t y p e s

are  summar ized in  F igure  5-8 . I n  t h e  f i g u r e , data  are  i l lus t ra ted as  means and

ranges for the sum of numbers for a given SPM type. For  presenta t ion  purposes,

va lues  fo r  k  are  on ly  taken f rom exper iments  hav ing o i l  loads o f  8 -110 mg/L  and
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Table 5-7

Summary of Experimental “k” and “alpha” Qii Droplet/SPM  Interaction Constants

Rx Energy diss RX
Sdlinily scd AKru Gil AmI ~k Rxsol h
w)

Lorque
sediment Type (mg/L) Gil TW

sale (er89/
(WA-) slope’ Sig?b Vd (L)’ rpmd (m-in) Ce-see) (3/;) Date

0.0 Grewingk till (< 53 W) 61.5 Unweadiered PNdhoe Bay crude 35.7 0.02 Y 3.5 400 0.50 423 0.0270
14.0 56.7

07-09-88
18.4 -0.05 Y 3.5 400 0.50 423 -0.0676 07-10-88

30.0 51.4 4.1 4).08 Y 3.5 m 0.50 423 4.1255
30.0 52.1

11-17-87
19.9 -0.18 Y 3.5 07-28-87

30.0 53.9 12.9 -0.19 Y 3.5 07-28-87
30.0 47.9 19.3 -0.08 Y 3.5 400 0.50 423 -0.1423 07-30-&7
30.0 — NA -0.08 Y 3.5 u7-30-&7
30.0 — NA -0.09 Y 3.5
30.0 44.6

08-03-87
10.9 -0.16 Y 3.5 08-26-87

30.0 47.1 15.3 -0.11 Y 3.5 m 0.33 282 -0.2319 W-26-87
30.0 47.8 17.4 -0.06 Y 3.5 w 0.50 423 -0.0943
30.0

08-29-87
— NA -0.08 Y 3.5 WI 0.50 423 08-30-87

30.0 40.5 24.2 -0.06 Y 3.5 400 0.50 423 -0.1187 W02-w
30.0 67.7 7.9 4.15 Y 9.5 300 0.75 175 -0.2789
30.0

104TJ-87
42.5 24.7 -0.08 Y 3.5 4W 0.50 423 -0.1554 11-14-87

30.0 54.7 14.4 -0.08 Y 3.5 400 0.50 423 -0.1242 11-16-87

0.0 63.4 12day weakwl Ptihoe Bay cm& 99.0 -0.01 N 3.5 4CHI 0.50 423 -0.0089
29.0 62.2

0709-88
26.1 -0.08 Y 3.5 400 0.50 423 -0.1049 07-17-88

29.0 59.5 83.9 -0.07 Y 3.5 m 0.50 423 -0.1020
29.0 60.9

07-15-88
54.9 -0.08 Y 3.5 400 0.50 423 -0.1081 07-15-88

29.0 63.5 43.2 -0.10 Y 3.5 400 0.50 423 -0.1259 07-15-88

0.0 56.6 Unweathered No. I fuel oil 7.1 -0.02 Y 3.5 400 0.50 423 -0.0268 07-18-88
15.0 69.0 32.4 -0.10 Y 3.5 400 0.50 423 -0.1208
30.0 68.4

07-18-88
32.8 -0.08 Y 3.5 4al 0.50 423 -0.0930 07-19-88

30.0 55.4 W  Glacier Bay weahered Nod 1.2 -0.09 Y 3.5 400 0.50 423 -0.1317 08-03-87
slope Csude

30.0 Tumagain Arm SPM 180.0 Unweathered PrrJdhoe Bay crude 18.6 4.16 Y
29.0 354.8

11-12-87
25.8 -0.11 Y 3.5 400 0.50 423 -0.0257 07-17-88



Table 5-7 (Continued)

Rx &le.fgy  diss R%*W
Sed Amt Oif Amt Rxk Rxsol Rx loquc ram (cIgs/ afpha

w) Sedimmt * (m@) Oil-lyfx (mg/L) slope’ Sig?b W  (L)’ mlpd (oZ-in) cc-m) (cm3/g) Da&

29.0 Tumagain Arm SPM (ConL) 416.4 12day weatkrd Pmdhoe  Bay cmk 58.4 -0.12 Y 35 400 0.50 423 -0.0239 U7-17-88

30.0 319.8 Unweathered No. 1 fuel oif 24.9 -0.17 Y 3.5 400 0.50 423 -0.0425 07-18-88

0.0 Yukon Delta scdimcm (< 53 pm) 453.3 UiIwcahred pmdhoe Bay crude 44.2 0.01 Y 3.5 400 0.50 423 0.0024 02-20-88
14.0 526.7 31.5 4.09 Y 3.5 4(XI 0.50 423 4.0142 02-24-88
28.0 508.7 40.6 -0.15 Y 3.5 400 0.50 423 -0.0232 02-21-88
29.0 614.1 105.4 -0.06 Y 3.5 m 0.50 423 4.0075 02-23-88

0.0 690. I 12day wcathemd prudkm Bay Cl’U& 68.6 -0.01 Y 3.5 4CCJ 0.50 423 -0.0015 04-18-88
14.0 776.5 71.2 -0.21 Y 3.5 400 0.50 423 -0.0221 04-19-88
29.0 707.5 19.0 4.14 Y 3.5 400 0.50 423 -0.0166 0’%16-88
29.0 782.2 49.2 -0.17 Y 3.5 400 0.50 423 -0.0177 Ckl-15-88
29.0 789.2 2%.6 -0.14 Y 3.5 402 0.50 423 -0.0144 04-17-88

0.0 408.6 Unweathered Nm 1 &f oif 32.9 -0.03 Y 3.5 400 0.50 423 -0.CW6 07-20-88
14.0 485.4 28.8 -0.10 Y 3.5 WI 0.50 423 -0.0165
30.0 554.0 25.6

U7-20-88
-0.07 Y 3.5 400 0.50 423 -0.0108 07-19-88

30.0 Beaufcm Sea 9ediment (< 53 pm) 136.5 Unwe.whemd Pmdhoc Bay crude 23.6 -0.12 Y 3.5 400 0.50 423 -0.0706 07-10-88

30.0 139.4 12day weaIheIed Prudlwe Bay crude I 12.2 4.12 Y 3.5 400 0.50 423 -0.0691 07-12-88

30.0 128.4 Unwealfwmxf No. I hel oil 21.6 -0.15 Y 3.5 403 0.50 423 -0.0946 07-15-88
30.0 138.2 48.0 -0.09 Y 3.5 400 0.50 423 4.0527 CJ7-18-88

30.0 Benufcm sea peat (< 53 P) 130.6 Unwemhed Prudhoe Bay crude 21.6 -0.05 Y 3.5 400 0.50 423 -0.0339 U7-10-88

30.0 115.3 12day wealhered pmdhoe Bay cmde 98.6 -0.05 Y 3.5 m 0.50 423 -0.0363 07-12-88

30.0 Peard Bay sediman (< 53 W) 152.1 Unweathered Prudhoe Bay crude 30.3 -0.14 Y 3.5 400 0.50 423 -0.0723 07-11-88

30.0 132.9 12-day weahxed Prudhoe Bay cm& 69.5 -0.10 Y 3.5 400 0.50 423 -0.0632 07-13-88



Table 5-7 (Continued)

%firrily
Rx Energy diss Rx

Sed Ams Oif Amt Rxk
w) .%%.ment T@

Rxsol h Lm-qrre rate (e@
(m@)

sfpha
oil~ (m@) Slqe’ Sig?b Vof (L)’ qxnd (Oz-irr) U-WC) (an3/g) Dme

30.0 Prudhoe Bay scdimens (c 53 pm) 203.4 Unweathered Prudha Bay crude 32.1 -0.07 Y 3.5 4LKI 0.50 423 -0.0275 U7-11-88

30.0 209.8 12day wedrered  hsdkse BsIy CllSdZ 88.0 -0.10 Y 3.5 403 0.50 423 -0.0399 07-13-88

30.0 Kas.mbue sedimenr (< 53 pm) 231.2 Unwcmfwxuf Prudhnc Bay erode 31.1 -0.06 Y 3.5 400 0.50 423 -0.0209 W-l 1-88

30.0 232.8 12day weashcred Prudhoe Bay crude n.3 -0.07 Y 3.5 m 0.50 423 -0.0234 U7-14-88

30.0 Jalmlof Bay sedimcsu (< 53 pm) 32.5 Unwedwrcd Prudhoe Bay crude
30.0

29.2 -0.12 Y 07-2s-87
49.9

30.0
16.3 4.06 Y 07-27-87

60.0 17.0 -0.13 Y
30.0

3.5
53.0

1 I -06-87
25.0 -0.12 Y

30.0
3.5

57.0
11 a-w

30.0
NA 4.09 Y 3.5 11-07-87

a.o 23.0 -0.10 Y 3.5 11-0M7

30.0 363.0 Unwcmsbemxf No. 1 fuel oil 37.9 -0.08 Y 3.5 4Q3 050 423 43.0180 07-19-88

30.0 Ahrnirsusss OdC  @ (10 @ 62.4 Unweashcmd Pmdhnc Bay cmde 25.9 -0.04 Y
30.0

3.5 3m 0.33 253 -0.0671
205.7

10-04-87
22.4 -0.08 Y 3.5 350 0.33 246 -0.0413 IO-W-87

30.0 221.3 26.4 -0.08 Y
30.0

3.5 350 0.33 246 -0.0384 1O-O6%7
266. I 10.2 -0.06 Y

30.0
9.5 226 0.50 88 -0.0401 11-10-87

263.5 4.8 -0.12 Y 9.5 392 1.50 458 -0.0355 11-11-87

30.0 DVB #yS#Se’JWS  (1-20 ~) NA Unwearhcmd Prudhoe Bay crude NA -0.15 Y 3.5 360 0.50 370 10-08-87

‘Rx k Slope: ruredon rare eoossans (k) descsmirred frarr linesr rcgswisim fi[ so dara for In (oif drqslti number) versus she
‘ Sig?: Y = k significsnrfy differcm from O at a = 0.05; N. k nor si8nificanUy different frun O M a = 0.05
‘Rx Sol Vol: vofume of solutiar for srirred suction vessel experiment
‘Rxrpm: G3Se0 f SUS3SiS18 of Pmpelfcr shah for srirred reaction vessel experiment



k REACTION CONSTANT [[n(oil drops) /rein]

– 0 . 2 5 –0.20 –0.15 –0.10 -0 .05 0.00
SEDIMENT TYPE: I , I I z I

n=19

Grewingk  til l  (<53 urn)

“=3
Yukon Delta sed (<53 urn) I

n=4
Beaufort Sea sed (<53 urn) [ I

n=2

Beaufort Sea peat (<53 urn) I

Peard BcIy sed (<53 urn) I&l
n=z

Prudhoe Bay sed (<53 urn) [ 1
“=2

Kotzebue sed (<53 urn) m“=7
Jakolof Bay sed (<53 urn) I I

fl=4
Turnagain Arm SPM E

r a n g e  * l__’’_[-l +

4
mean

Figure =. Summary of Wt@+Oli !Dro@t/SPM lnteractkm Rate @nstants (’%”) fcw illfferena  S@Iment ati SPM Typas

All  data are frm experiments with fdl-smn
iti

seawater (28-30 ppt) and oil loads  of 7-112 mg/L]. Da@ are presmed as means wirh indicakxl
minimumhaxirnum  ranges (n = number of pohMs to ckxermme a givem mean wdue).



u s i n g  f u l l  s e a w a t e r  a s  t h e  r e a c t i o n  m e d i u m  ( s e e  S e c t i o n  5 . 2 . 2 . 3  f o r  e f f e c t s  o f

s a l i n i t y )  . A s  i n d i c a t e d  i n  t h e  f i g u r e , all  v a l u e s  f o r  k  a r e  w i t h i n  a  f a c t o r  o f

4 of each other, and th is  range can be encountered wi th in  a  s ing le  sed iment

t y p e  ( e . g . , G r e w i n g k  t i l l ) . Consequently, l a r g e  d i f f e r e n c e s  i n  v a l u e s  f o r  k  d o

n o t a p p e a r  t o  b e  i n  e v i d e n c e  e i t h e r  a m o n g  o r  w i t h i n  t h e  v a r i o u s  SPY types.  In

l i g h t o f  t h e  f a c t  t h a t  t o t a l  o i l  l o a d i n g s  i n  e x p e r i m e n t s  v a r i e d  b y  m o r e  t h a n  a

f a c t o r  o f 1 0  ( s e e  T a b l e  5 - 7 ) , t h e  r e l a t i v e l y  s m a l l  v a r i a t i o n  i n  v a l u e s  f o r  k

i n d i c a t e that  the  to ta l  number  o f  o i l  d rop le ts  reac t ing  w i th  SPM in  a  par t i cu-

l a r  e x p e r i m e n t was propor t iona l  to  the  amount  o f  o i l  p resent  (e .g .  ,  see equa-

t i o n s d e s c r i b i n g  t h e r e l a t i o n s h i p b e t w e e n  t h e r e a c t i o n  c o n s t a n t  k  a n d  o i l

d rop le t  number  dens i ty  in  Sect ion  5 .2 .2) .

The in format ion  in  F igure  5-8  might  lead one to  conc lude tha t  no  sub-

s t a n t i a l  d i f f e r e n c e s  e x i s t  a m o n g  t h e  o i l  droplet/SPM  i n t e r a c t i o n s  f o r  t h e  v a r i -

ous sediment a n d  S P M  t y p e s . However, t h e  i m p o r t a n t  i n t e r a c t i o n  t e r m  i n  t h e

a lgor i thms o f  the  mode l  codes in  Sect ion  3 is the “ l u m p e d ”  r e a c t i o n  c o e f f i c i e n t

a . Va lues for  the  coef f ic ien t  a  then need to  be cons idered for  those exper i -

ments h a v i n g data for all of the necessary algori thm components. R e s u l t s

summarizing the c a l c u l a t e d  v a l u e s  f o r  a a r e  i l l u s t r a t e d  i n  F i g u r e  5 - 9 . D i s -

t i n c t i o n s  b e t w e e n  t h e  v a r i o u s SPM types  become more apparent in the latter

f i g u r e , w i t h  o v e r a l l  v a l u e s  d i f f e r i n g  b y  a  f a c t o r  o f  a l m o s t  4 0  ( i . e . ,  - 0 . 0 0 7 5

cm3/g  t o  - 0 . 2 9  cm3/g). In  an a t tempt  to  exp la in  these d i f fe rences,  mean va lues

for  the  reac t ion  coef f i c ien ts  a  fo r  var ious  SPM types were  compared wi th  o ther

p h y s i c a l and chemica l  p roper t ies  o f  the  SPM, i n c l u d i n g  p a r t i c l e  n u m b e r  d e n s i -

t i e s  p e r  u n i t  m a s s ( i . e . , S e c t i o n  5 . 1  a n d  F i g u r e  5 - 3 ) ,  t h e  f r a c t i o n  o f  t h e

t o t a l s e d i m e n t  o c c u r r i n g  i n  t h e  O - 2  pm p a r t i c l e  s i z e  r a n g e  ( F i g u r e  5 - 2 ) ,  t o t a l

o r g a n i c carbon, s p e c i f i c  d e n s i t y , a n d  t o t a l  r e s o l v e d  h y d r o c a r b o n  c o n t e n t ,  T h e

data  fo r  a l l  o f  these var iab les  ( inc lud ing mean va lues  fo r  a )  a re  summar ized in

T a b l e  5 - 8 . U s i n g  d a t a  i n  t h i s  t a b l e , regress ion ana lyses were  per formed wi th

v a l u e s  f o r  t h e  r e a c t i o n  c o e f f i c i e n t a be ing the dependent  var iab le  and the

o t h e r  p a r a m e t e r s  b e i n g  c o n s i d e r e d  a s  i n d e p e n d e n t  v a r i a b l e s . Resu l ts  o f  these

s t a t i s t i c a l ana lyses a re s u m m a r i z e d  i n  T a b l e  5 - 9 . Of  the  f ive  independent

v a r i a b l e s , par t ic le  number  dens i ty  per  un i t  mass showed the  h ighest  cor re la t ion

w i t h t h e v a l u e s  f o r  t h e  r e a c t i o n  c o e f f i c i e n t  a .

c o r r e l a t i o n  ( i . e . ,  s i g n i f i c a n t  a t  alpha  -  0 . 0 5

A s l i g h t l y  l o w e r  d e g r e e  o f

b u t  n o t  a t  a l p h a  -  0 . 0 1 )

.
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Table 5-8

Summary of Mean “alpha” Reaction Coeffkients and Physical and Chemical Properties for
SPM Types Used in Whole-Oil Dropiet.KPM InteractIon Experiments

W. Frau.
Mean Rx Past No. ino-zpm TOL Res.
“alp$a”

w’”  ,%) m
Size Range

SPM ‘&p
Densiy Hydmarb.

(~  h) (1 18) (mg/g) (@n ) Wd

Beaofon Se-s sediment (< 53 pm)
Benufors Sea pm (< 53 )@
Gmvingk tilf (< 53 pm)
Jakolof Bay sediment (< 53 ysn)
Kowebue sedimoll  (< 53 ym)
Peard Bay sedimcmt (< 53 pm)
Ptudime Bay sediment (e 53 ~)
Tumagain Ams 5PM
Yukal Delta sedimem (< 53 pm)

NA. not available

-0.0?6
4.032
4.142
-0.018
-0.022
4).(M8
-0.034
-0.031
-0.017

56
19

178
22
16
56
42
56
II

44.6
NA
51.6
35.1
24.1
43.8
22.7
10.5
6.9

6.15
NA

205
6.49
7.57

11.50
14.20
4.65
5.35

2.55
NA

276
NA

270
251
2.51
2.64
277

8.3
78.0
1.7

862.0
43.0
18.0
26.0
3.4

>0.05

I Table 5-9
I

Regression Anal ses of “al ha” Reaction CoetTicients Versus Selected Physical and
t Lhemicai operties of Various SPh9

T
esj Tested

(dependent variable: alpha reaction constant cm /g dry weight)

IndepatdatL Variable n ta Probability

Panicle No. Des@ (l& pticlcs/g dsy W) 9 -5.54** 0.999
Seal. Frau. in O-2pm size range (%) 8 .3.~* 0.982
Totaf Organic Cut)at (mg/g dry W) 8 0.93
Backgrcustd Density

0.611
7 -0.07 0.055

Total Resolved Hydmcarbms f.Wg dw W) 9 0.90 O.&xl

I Significant values fm t, at a = 0.01 and 0.05 levels am indicated by** and*, respectively. I
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e x i s t e d w i t h t h e  v a l u e s  f o r  t h e  s e d i m e n t  f r a c t i o n s  c o m p r i s i n g  t h e  O - 2  Km

p a r t i c l e - s i z e  r a n g e s . T h e  r e m a i n i n g  t h r e e  v a r i a b l e s  (TOC, s p e c i f i c  d e n s i t y ,

a n d  t o t a l  r e s o l v e d  h y d r o c a r b o n  c o n t e n t )  s h o w e d  n o  s i g n i f i c a n t  c o r r e l a t i o n s  w i t h

t h e  r e a c t i o n  c o e f f i c i e n t  a. T h e  r e l a t i o n s h i p  b e t w e e n  t h e  r e a c t i o n  c o e f f i c i e n t s

a a n d  p a r t i c l e  n u m b e r densit ies per unit  mass for the nine sediment and SPM

t y p e s  i s  s h o w n  g r a p h i c a l l y  in  Figure  5 - 1 0  a l o n g  w i t h  a  l i n e a r  r e g r e s s i o n  f i t  t o

the data . T h e  v a l u e  o f  0 . 8 1  f o r  t h e  s q u a r e  o f  t h e  c o r r e l a t i o n  c o e f f i c i e n t  ( r 2)

i n d i c a t e s that  approx imate ly  80% of  the  var iab i l i t y  in  the  va lues  fo r  a a m o n g

t h e sediment and SPM types can be cor re la ted w i th  the  number  dens i ty  va lues .

B e c a u s e  t h e SPM types cons idered i n  F i g u r e 5-10 come f r o m  a  v a r i e t y  o f

l o c a t i o n s i n  A l a s k a ,  i t  s e e m s  p l a u s i b l e  t o  s u g g e s t  t h a t  r e a c t i o n  c o e f f i c i e n t s

(a)  fo r  SPM f rom o ther  loca t ions  might  be  ex t rapo la ted f rom the  regress ion  l ine

i n  F i g u r e  5 - 1 0 , i f  a p p r o p r i a t e i n f o r m a t i o n  p e r t a i n i n g  t o  p a r t i c l e  n u m b e r

d e n s i t i e s f o r  s p e c i f i c  S P M  t y p e s  c a n  b e  o b t a i n e d .  T h e  l a t t e r  i n f o r m a t i o n  c a n

b e  d e r i v e d  b y  e i t h e r  d e t a i l e d  l i g h t  m i c r o s c o p y  ( e . g . ,  c o u n t i n g  p a r t i c l e s  a s  i n

F i g u r e  5 - 1 )  o r  p o s s i b l y  b y  c o m p a r i n g  l i m i t e d - l i g h t  m i c r o s c o p y  w i t h  particle-

s i z e ana lyses ( i . e . , coup l ing  in format ion  and data  f rom sources such as  both

F igures  5-1  and 5-2) .

5 . 2 . 2 . 2  E f f e c t  o f  O i l  T y p e

I n t e r a c t i o n s between d ispersed o i l  d rop le ts  and SPM were inves t iga ted

f o r  f o u r  t y p e s  o f  o i l : 1) unweathered Prudhoe Bay crude, 2) 12-day weathered

Prudhoe Bay crude, 3)  natura l ly  weathered ??orth  S lope c rude co l lec ted f rom the

R / T  G l a c i e r  B a y  g r o u n d i n g  i n c i d e n t  a n d  4 )  u n w e a t h e r e d  N o .  1 fuel oi l . Because

both  the  type o f  SPM and the  sa l in i ty  o f  the  reac t ion  medium were  found to  a f -

f e c t  r a t e s  o f  i n t e r a c t i o n  ( S e c t i o n s  5 . 2 . 2 . 1  a n d  5 . 2 . 2 . 3 ,  r e s p e c t i v e l y ) ,  e v a l u a -

t i o n s  o f e f f e c t s  o f t h e  d i f f e r e n t  o i l  t y p e s  o n  o i l  droplet/SPM  i n t e r a c t i o n s

were on ly  per fo rmed fo r  ind iv idua l  SPM types  a t  a  common sa l in i ty . B y  u t i l i z -

ing a single SPM type, va lues fo r  reac t ion  ra te  constants  (k )  cou ld  be compared

d i r e c t l y . However, t h e  p o p u l a t i o n s  o f  e x p e r i m e n t a l  d a t a  a v a i l a b l e  f o r  s i n g l e

S P M  t y p e s  a t  a  g i v e n  s a l i n i t y  w e r e  l i m i t e d . Such a comparison is presented in

F i g u r e  5 - 1 1  f o r  G r e w i n g k  g l a c i a l  t i l l  i n  s e a w a t e r . W i t h i n  t h e  s c a t t e r  i n h e r e n t

t o  t h e  d a t a , there  do not  appear  to  be substant ia l  d i f fe rences between the va l -

u e s  f o r  k  f o r  t h e  f o u r  o i l  t y p e s , i m p l y i n g  t h a t  t h e  o i l  droplet/SPM  i n t e r a c -

t i o n s  w e r e  e s s e n t i a l l y  i n d e p e n d e n t  o f  t h e  t y p e  o f  o i l  p r e s e n t .
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OIL TYPE:

Unweathered Prudhoe Boy crude

12 day weathered
Prudhoe Bay crude

k REACTION CONSTANT [In(oil drops) /rein]

-0 .30 - 0 . 2 5 –0.20 –0.15 –0,10 -0 ,05 0.00

R/T Glocier Bay weothered
North Slope crude

Unweathered No. 1 fuel oil

+
mean

I , I t I , I I ,

3

1

“=1

I
n= 1

I

Figure &la. SummaW of Whole4#l  DrOpkt./SPM htteractmn Rem ~tiams (%”) for Different 011 ?ypes

AH experiments performed with Grewingk  glacial till  (a 53 pm) in Mkmengh seawa(er.



5 . 2 . 2 . 3  E f f e c t  o f  S a l i n i t y

Because rates of oil/SPM  interact ions are dependent on SPM types,  c o m -

p a r i s o n s  o f t h e  e f f e c t s  o f  s a l i n i t y  o n  o i l  droplet/SPM  i n t e r a c t i o n s  h a d  t o  b e

c o n s i d e r e d  f o r

the  to ta l  number

5-12, s a l i n i t y

f o r  b o t h  Y u k o n

o n l y s i n g l e  t y p e s

of d a t a  t h a t  c o u l d

appears to have a

Delta sediment and

of SPM. T h i s  a g a i n  p r o d u c e d  l i m i t a t i o n s  i n

be used. However, a s  i l l u s t r a t e d  i n  F i g u r e

s t r o n g  c o n t r o l l i n g  e f f e c t  o n  r e a c t i o n  r a t e s

Grewingk  t i l l . For example, v e r y  l o w  r a t e s

o f  r e a c t i o n  ( i . e .  , k values approaching O) were observed with both SPM types in

f r e s h w a t e r ,  w h i l e s u b s t a n t i a l l y  h i g h e r r a t e s were observed in  both  half-

s t r e n g t h a n d  f u l l - s t r e n g t h  s e a w a t e r . C o m p a r a b l e  e f f e c t s  o f  s a l i n i t y  on

a s s o c i a t i o n s of  d ispersed o i l s  and fa t ty  ac ids  w i th  SPM or  minera l  phases have

b e e n  s h o w n  b y other  invest iga tors  (e .g .  ,  Bass in  and Ichiye,  1 9 7 7 ;  M e y e r s  a n d

Quinn, 1973)

5 . 2 . 2 . 4  E f f e c t  o f  T u r b u l e n c e

A s  d e v e l o p e d  i n  S e c t i o n  5 . 2 , t h e  r a t e  c o n s t a n t  k  f o r  i n t e r a c t i o n s  b e -

tween whole oi l  droplets and SPM can be described by the equation

k-= a(@J)l/2s

w h e r e  S  i s  t h e  S P M  c o n c e n t r a t i o n , c is  the  energy  d iss ipa ted per  un i t  mass o f

w a t e r  p e r  u n i t  t i m e , u is the  k inemat ic  v iscos i ty  o f  the  aqueous medium and a

i s t h e “lumped” r e a c t i o n  c o e f f i c i e n t . For  exper imenta l  da ta  to  be  va l id  fo r

t h i s  e q u a t i o n , the  natura l  logar i thm o f  oil  d rop le t  number  data  must  dec l ine  as

a st ra igh t  l ine  over  t ime and the  ra te  constant  k  must  vary  as  the  square  root

o f  t h e  e n e r g y  d i s s i p a t i o n  r a t e .

T o  e v a l u a t e whether  va lues fo r  k

s h i p w i t h  t h e  e n e r g y  d i s s i p a t i o n  r a t e  (~),

t h e  f o l l o w i n g  c o n d i t i o n s : both  exper iments

would  fo l low the  expected relation-

two experiments were performed with

were conducted in 1O-L beakers (9.5

L  o f  r e a c t i o n s o l u t i o n ) a n d  u t i l i z e d  a l u m i n u m o x i d e  g r i t  (10-#m  d i a m e t e r

p a r t i c l e s ; 330-mg  dry wt/L as the SPM phase and unweathered Prudhoe Bay crude

as t h e  o i l  p h a s e . I n  o n e  e x p e r i m e n t  t h e  p r o p e l l e r  s h a f t  r o t a t i o n  r a t e  ( w )  a n d
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a) Yukon Delta sed (<53 urn)
k REACTION CONSTANT [In(oil  drops) /rein]

-0.30 -0.25 –0.20 -015 –0.1 o -0.05 000

SALINITY:

o ppt

14 ppt

29 ppt

b) Grewingk till

SALINITY:

o ppt

14 ppt

30 ppt

[

n=3

(<53 urn)

k REACTION CONSTANT [In(oil drops) /rein]

.

1

-—

- 0 . 3 0 – 0 2 5 - 0 . 2 0 - 0 . 1 5 - 0 . 1 0 - 0 . 0 5 0.00
1 I 1 1 1

n=.

El
n=2,m

1
- - l

-m+ range

4
mean

Figure 5-12. Summary of Whole-O!l Droplet/SPM Interaction Rate Constan!s (“k”) at Different
Salinities

(a) Yukon River Deita sediment (c 53 l.un). (b) Grewingic glacial till  (c 53 pm).

132



t o r q u e  (r)  w e r e  2 2 6  r p m  a n d  0 . 5  o u n c e - i n c h e s ,  r e s p e c t i v e l y .  T h e  v a l u e s

r e s u l t e d  i n  a  n u m b e r  for  the  energy  d iss ipa t ion  per  un i t  t ime o f :

‘1 =  (W)(T)(7400) = 8.4 x 10 5 e r g s / s e e .

In the s e c o n d  e x p e r i m e n t , the  prope l le r  ro ta t ion  ra te  and torque were 393 rpms

and 1.5 ounce-inches, r e s p e c t i v e l y ,  y i e l d i n g  t h e  f o l l o w i n g  v a l u e  f o r  E :

‘2
= 4.4 x 106 e r g s / s e e .

Because a l l  exper imenta l  var iab les  in  the  two exper iments  were  ident ica l  except

for the values of E, the  ra t io  o f  the  numbers  fo r  k  in  the  two exper iments
6  1 / 2 / [  ( 8 , 4  x  1 0 5 ) ]  1 / 2  o r  2 . 3 .  A t  t h e  s a m e  t i m e ,s h o u l d  b e  k2/kl  -  [ (4 .4  x  10 )]

t h e torque meter  had a  cer ta in  amount  o f  “bounce”  in  i ts  va lues  tha t  was es t i -

mated to produce an error of ~ 20% in  read ings. T a k i n g  t h i s  i n t o  a c c o u n t ,  t h e

r a t i o  o f t h e s q u a r e  r o o t  o f  t h e  e n e r g y  d i s s i p a t i o n  r a t e s  f o r  t h e  t w o  e x p e r i -

ments i s  2 . 3  w i t h  a  l i m i t  o f  e r r o r  o f  0 . 3  b a s e d  o n  t h e  e r r o r  e s t i m a t e s  f o r  t h e

t o r q u e r e a d i n g s . R e g r e s s i o n  a n a l y s e s  o f  t h e “ f r e e ” o i l  d r o p l e t  d a t a  i n

p h o t o m i c r o g r a p h s  f r o m  t h e  t w o  e x p e r i m e n t s  y i e l d e d  v a l u e s  f o r  k 2 a n d  kl  o f

- 0 . 1 1 2  ~ 0 , 0 2 5  a n d  - 0 . 0 6 2  ~ 0 . 0 2 3 ,  r e s p e c t i v e l y . The la t te r  va lues produce a

v a l u e o f  1 . 8  f o r  t h e  r a t i o  o f  k2/kl. T h e  c o n f i d e n c e  i n t e r v a l  f o r  t h e  l a t t e r

v a l u e s o f  k  i s  b a s e d  o n  a  s p e c i f i e d  c o n f i d e n c e  l i m i t  o f  0 . 8  f o r  a  t w o - t a i l e d

t e s t  ( M i l l e r  a n d  F r e u n d ,  1 9 6 5 ) . A s s u m i n g  n o  b i a s  ( i . e . ,  e r r o r s  w i l l  t e n d  t o

cancel) , t h e  l i m i t  o f  e r r o r  f o r  t h e  l a t t e r  r a t i o  o f  k2/kl  i s  0 . 7 8  ( S h o e m a k e r

a n d  G a r l a n d ,  1 9 6 2 ) . Thus , a n a l y s i s  o f  e r r o r s  y i e l d s  a  r a t i o  o f  t h e  s l o p e s  f o r

t h e t w o  s e t s  o f  d a t a  o f  1 . 8  w i t h  a  l i m i t  o f  e r r o r  o f  0 . 8 . F i n a l l y ,  c o m p a r i s o n

between t h e  v a l u e s  f o r  t h e  r a t i o s  o f  k  / k  c a l c u l a t e d  w i t h  t h e  t w o  t e c h n i q u e s
2 1

( i . e . , 2 . 3  w i t h  a  l i m i t  o f  e r r o r  o f  0 . 3 ,  a n d  1 . 8  w i t h  a  l i m i t  o f  e r r o r  o f  0 . 8 )

i n d i c a t e t h a t the  expected re la t ionsh ip  between exper imenta l ly  der ived va lues

f o r  k  a n d  E  w a s  s a t i s f i e d  f o r  t h e  d i f f e r e n t  t u r b u l e n c e  l e v e l s . Consequent ly ,

t h e e x p e r i m e n t a l v a l u e s c o n f i r m e d  t h e  e x p e c t e d  t h e o r e t i c a l  r e l a t i o n s h i p s  b e -

tween t u r b u l e n c e and oil/SPM  i n t e r a c t i o n r a t e  c o n s t a n t s , a l though the data

a v a i l a b l e  f o r  t h i s  c o m p a r i s o n  w e r e  l i m i t e d .
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5 . 3 SPM SETTLING VELOCITIES

I n  S e c t i o n 5 . 2 . 2  a n d  F i g u r e  5 - 6 ,  photomicrographs  f r o m  t h e  s t i r r e d

r e a c t i o n v e s s e l exper iments  documented the  fo rmat ion  o f  oil/SPM  a g g l o m e r a t e s

f o l l o w i n g i n t e r a c t i o n s  b e t w e e n SPM and who le-o i l  d rop le ts . Fur thermore,  the

oil/SPM  agg lomerates  in  F igure  5-6  occur red in  the  foca l  plane  o f  the  SPM ra th-

e r t h a n  t h a t  o f  t h e  o i l  d r o p l e t s , ind ica t ing  tha t  the  agg lomerates  were  denser

than the aqueous medium and tended to sink in the water column. Because of the

c h a n g e s  i n t h e  m o r p h o l o g i c a l a p p e a r a n c e  o f  oil/SPM  agg lomerates  re la t ive  to

parent SPM (see Figure 5-6), i t  i s  r e a s o n a b l e  t o  e x p e c t  t h a t  “ o i l i n g ”  o f  p a r t i -

c l e s c o u l d  a f f e c t t h e s e t t l i n g v e l o c i t i e s  o f  t h e  p a r t i c l e s . I f  t h e  l a t t e r

s u p p o s i t i o n  i s  t r u e , t h e  p o t e n t i a l  e x i s t s  f o r  t r a n s p o r t  o f  o i l  t o  benthic  e n v i -

ronments t h r o u g h t h e  s i n k i n g  o f “ o i l e d ”  p a r t i c l e s . A number of studies under

b o t h  n a t u r a l  a n d semicontrolled  c o n d i t i o n s  h a v e  d o c u m e n t e d  t h a t  o i l  c a n  b e

t r a n s f e r r e d  t o  b o t t o m  s e d i m e n t s  (Bassin  and Ichiye,  1977;  Gear ing e t  a l . ,  1980;

Hartung  and Klingler,  1 9 6 8 ;  Johansson  e t  a l . ,  1980;  Lee et  a l . ,  1 9 7 8 ;

Wade and Quinn, 1980).

T o  e v a l u a t e  e f f e c t s o f  oil  o n  s e t t l i n g  v e l o c i t i e s  o f  s e l e c t e d  S P M

t y p e s , a  number  o f  se t t l ing  chamber  s tud ies  were  conducted in  con junc t ion  w i th

t h e s t i r r e d  r e a c t i o n  v e s s e l  e x p e r i m e n t s . For  th is  purpose, t h e  s o l u t i o n s  g e n -

e r a t e d  i n t h e s t i r r e d  v e s s e l s  w e r e  t r a n s f e r r e d  t o  s e t t l i n g  c h a m b e r s ,  a n d  t h e

SPM l o a d s  r e m a i n i n g  i n  s u s p e n s i o n  o v e r  t i m e  w e r e  m o n i t o r e d . General

i n f o r m a t i o n s p e c i f i c t o  t h e  i n d i v i d u a l  s e t t l i n g  c h a m b e r  e x p e r i m e n t s  a n d  t h e i r

parent  s t i r red  reac t ion  vesse l  so lu t ions  have been summar ized in  Tab le  4-1.

5,3,1 Conceptual Approach

A s  d e s c r i b e d  i n  S e c t i o n  4 . 3 . 1 ,  t h e  a p p r o a c h  f o r  t h e  s e t t l i n g  v e l o c i t y

s t u d i e s invo lved co l lec t ion  and measurement  o f  SPM loads  in  samples  f rom set -

t l i n g chambers o v e r t i m e . F i g u r e  5 - 1 3  i l l u s t r a t e s  t h e  r a t i o n a l e  b e h i n d  t h i s

approach. A t  t h e  s t a r t  o f  a n  e x p e r i m e n t , a solut ion is homogeneously mixed to

e n s u r e  t h a t  a l l  p a r t i c l e s  a r e  e v e n l y  d i s t r i b u t e d  i n  t h e  s u s p e n d i n g  m e d i u m .  T h e

s o l u t i o n  i s then main ta ined in  an und is turbed s ta te  and samples  are  w i thdrawn
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o v e r t i m e  f r o m  a  s p e c i f i e d  d e p t h . For  the

t e r i z e d  b y  only a  l im i ted  number  o f  s izes

t r a t e d i n  F i g u r e  5 - 1 3 . W h e n  p a r t i c l e s

c o l l e c t i o n depth in the  chamber ,  subsequent

s a k e  o f  a n a l o g y ,  p a r t i c l e s  charac-

a n d  s e t t l i n g  v e l o c i t i e s  a r e  illus-

o f  a  spec i f i c  type s ink  be low the

s a m p l e s  w i l l  r e f l e c t  a  c o r r e s p o n d -

ing d e c r e a s e in  the  to ta l  SPM load. I n  c o n j u n c t i o n  w i t h  t h e  s i t u a t i o n  i l l u s -

t r a t e d  i n  p a r t  ( a )  o f  F i g u r e  5 - 1 3 , the  dec l ine  in  the  SPM load wou ld  fo l low the

s t e p - w i s e  p a t t e r n shown i n  p a r t  ( b )  o f  t h e  f i g u r e . S e t t l i n g  v e l o c i t i e s  f o r

p a r t i c l e s  o f  t y p e  x  w o u l d  b e  c a l c u l a t e d  w i t h  t h e  f o r m u l a :

v -  z/(tx  - t o )
x

w h e r e  v i s  t h e  s e t t l i n g  v e l o c i t y ,  z  i s  t h e  s a m p l i n g  d e p t h  i n  t h e  c h a m b e r ,  t
x o

i s  t h e  s t a r t i n g  t i m e  f o r  t h e  e x p e r i m e n t ,  a n d  t x i s  t h e  t i m e  a t  w h i c h  p a r t i c l e  x

s i n k s  b e l o w  t h e sampl ing  depth . W h i l e  p a r t  ( b )  o f  F i g u r e  5 - 1 3  i l l u s t r a t e s  a

s t e p w i s e  d e c l i n e f o r  S P M  c o n c e n t r a t i o n s , na tura l  sed imentary  o r  SPM mater ia l

w i l l normal ly  be  compr ised o f  b road ranges o f  par t ic le  shapes and s izes  (e .g .  ,

s e e  F i g u r e s 5 - 1  a n d  5 - 2 ) . Consequent ly , suspended sediments or SPM in real-

w o r l d s i tua t ions  w i l l  be  more  l i ke ly  to  mimic  the  more  gradua l  dec l ine  fo r  SPM

l o a d s  i n d i c a t e d  b y  t h e “ d o t t e d ”  l i n e  i n  F i g u r e  5-13b.

5 . 3 . 2 E x p e r i m e n t a l  S e t t l i n g  V e l o c i t y  R e s u l t s

S e t t l i n g  v e l o c i t y experiments were performed with two sediment types

t h a t  h a d  b e e n  p r e s i z e d  t o  < 53 Hm b e f o r e  u s e  i n  p a r e n t  s t i r r e d  r e a c t i o n  v e s s e l

exper iments : 1 )  Grewingk  g l a c i a l  t i l l  a n d  2 )  Y u k o n  R i v e r  D e l t a  s e d i m e n t .  B e -

c a u s e  b o t h  s e d i m e n t  t y p e s  w e r e homogeneous ly  suspended in  so lu t ions  a t  the

s t a r t  o f  e x p e r i m e n t s , these sed imentary  phases wi l l  subsequent ly  be re fer red to

as S P M . Based on in format ion  presented in  Sect ions  5 .1  and 5 .2 .2 .1 ,  the  Grew-

i n g k t i l l  and the  Yukon Del ta  sed iment  encompassed the  ex t reme ranges fo r  no t

o n l y  p a r t i c l e  s i z e s  ( e . g .  , F i g u r e s  5 - 1  t h r o u g h  5 - 4 )  b u t  a l s o  r e a c t i v i t y  c o e f f i -

c i e n t s  w i t h  w h o l e - o i l  d r o p l e t s  ( e . g . , Tab le  5-8  and cor respond ing data  in

F i g u r e  5 - 1 0 ) . Experiments were conducted with the two types of SPM to evaluate

e f f e c t s o f  t h e  f o l l o w i n g  v a r i a b l e s  o n  s e t t l i n g  v e l o c i t i e s :  1 )  S P M  t y p e ,  2 )  o i l

t y p e  a n d  q u a n t i t y  a n d  3 )  s a l i n i t y .
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5 .3 .2 .1  Ef fec t  o f  SPM Type

Because t h e s i z e  d i s t r i b u t i o n s  o f  p a r t i c l e s  i n  t h e  G r e w i n g k  t i l l  a n d

Y u k o n  D e l t a sed iments  were  very  d i f fe rent  f rom each o ther  (e .g .  ,  F igure  5-2) ,

i t wou ld seem r e a s o n a b l e  t o  e x p e c t  t h a t  s e t t l i n g  v e l o c i t y  p r o p e r t i e s  f o r  t h e

two SPM types wou ld  a lso  be very  d i f fe rent . Th is  i s  conf i rmed in  F igure  5-14

t h a t  i l l u s t r a t e s  p l o t s  o f  t h e  p o r t i o n s  o f  t h e  t o t a l  S P M  l o a d s  r e m a i n i n g  i n  Sus-

p e n s i o n over  t ime fo r  exper iments  conducted in  seawater  w i th  no  o i l  add i t ions .

F o r  G r e w i n g k  t i l l  t h a t  w a s  c o m p r i s e d  a l m o s t  e x c l u s i v e l y  o f  p a r t i c l e s  < 1 0  pm in

d i a m e t e r , l e s s than 25% of the total  SPM load by weight had sett led below the

s a m p l i n g  d e p t h i n  t h e  s e t t l i n g  c h a m b e r  a f t e r  1  h r . In  cont ras t ,  >90% of  the

Y u k o n  D e l t a sediment was no longer sampled at this t ime due to the sedimenta-

t i o n  o f  l a r g e r  p a r t i c l e s  ( i . e . , a p p r o a c h i n g  5 0  pm in  d iameter ) . Because depths

o f sampl ing in  the  chamber  and spec i f i c  sampl ing  t imes were  recorded,  the  in -

f o r m a t i o n i l l u s t r a t e d i n  F i g u r e  5 - 1 4  c o u l d  b e  i n c o r p o r a t e d  i n t o  t h e  e q u a t i o n

p r e s e n t e d in  S e c t i o n 5 . 3 . 1  t o  c a l c u l a t e  m e a n  s e t t l i n g  v e l o c i t i e s  f o r  v a r i o u s

w e i g h t %  f r a c t i o n s  o f the two SPM types. These resu l ts  a re  shown in  F igure

5-15. A g a i n ,  t h e  d i f f e r e n c e s  i n  t h e  s e t t l i n g  v e l o c i t y  p r o p e r t i e s  f o r  t h e  t w o

SPM types are  c lear ly  apparent .

5 .3 .2 .2  Ef fec t  o f  O i l  Amount  and Type

A s  d e s c r i b e d  i n  S e c t i o n 4 . 2 . 4 ,  s t i r r e d  r e a c t i o n  v e s s e l  e x p e r i m e n t s

were o f t e n  p e r f o r m e d  w i t h  d i f f e r e n t q u a n t i t i e s  o f  o i l  a d d e d  i n  t h e  i n i t i a l

“ b l e n d i n g ”  p r o c e d u r e . T h i s  r e s u l t e d  i n  d i f f e r e n t  t o t a l  a m o u n t s  o f  o i l  b e i n g

a v a i l a b l e f o r  r e a c t i o n  w i t h  t h e  S P M  ( e . g . , see Table 4-1 for summaries of oil

loads i n  e x p e r i m e n t s  t h a t  w e r e  u l t i m a t e l y  u s e d  f o r  s e t t l i n g  v e l o c i t y  s t u d i e s ) .

Because the  quant i ty  o f  o i l  tha t  became assoc ia ted  w i th  SPM was d i rec t ly  re la t -

ed  to  the  amount  o f  o i l  in  a  s t i r red  reac t ion  vesse l  (see Sect ion  5 .2 .2 .1) ,  SPM

wi th  d i f fe r ing  amounts  o f  agg lomerated o i l  were  produced and then used for  se t -

t l i n g chamber experiments. I n  l i g h t  o f  t h i s  f a c t , t h e  e f f e c t  o f  “ o i l  l o a d i n g ”

( i . e . , v a r y i n g amounts o f  o i l  a s s o c i a t e d  w i t h  S P M )  o n  s e t t l i n g  v e l o c i t i e s  o f

SPM could be evaluated. For  example ,  F igure  5-16 presents  data  fo r  dec l ines  in

SPM loads o f  Grewingk  t i l l  over  t ime f rom exper iments  tha t  had d i f fe ren t  loads
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of unweathered Prudhoe Bay crude o i l . T h e  n u m b e r s  f o r  o i l  i n  t h e  f i g u r e  r e p r e -

s e n t v a l u e s  f o r  t o t a l  o i l  p e r  l i t e r  o f  s e a w a t e r  i n  t h e  p a r e n t  s t i r r e d  r e a c t i o n

v e s s e l exper iments . T h e  d a t a  i l l u s t r a t e  t h a t  t h e  i n c r e a s i n g  q u a n t i t i e s  o f  o i l

in a p a r e n t r e a c t i o n v e s s e l e x p e r i m e n t  u l t i m a t e l y  p r o d u c e d  h i g h e r  s e t t l i n g

r a t e s f o r  S P M  p a r t i c l e s . Manipu la t ing  the  data  in  F igure  5-16 to  y ie ld  mean

s e t t l i n g v e l o c i t i e s  ( i . e . , d is tance se t t led  per  un i t  t ime)  and compar ing  the

r e s u l t i n g  v a l u e s  f o r  t h e  d i f f e r e n t  l e v e l s  o f  o i l  t o  t h a t  o f  t h e  c o n t r o l  ( i . e .  ,

no o i l )  p r o d u c e d  t h e  p l o t s  i n  F i g u r e  5 - 1 7 . T h e  l a t t e r  f i g u r e  i l l u s t r a t e s  t h e

s h i f t t o w a r d  h i g h e r s e t t l i n g v e l o c i t i e s w i t h  h i g h e r o i l  l o a d i n g s . Whi le

F i g u r e s  5 - 1 6  a n d  5 - 1 7  p r o v i d e  i n f o r m a t i o n  f o r  G r e w i n g k  t i l l  a n d  u n w e a t h e r e d

Prudhoe Bay c rude o i l , F i g u r e s  5 - 1 8  a n d  5 - 1 9  p r o v i d e  i d e n t i c a l  i n f o r m a t i o n  f o r

t h e same t i l l  w i t h  1 2 - d a y  w e a t h e r e d  P r u d h o e  B a y  c r u d e  o i l . The same general

t r e n d s a re observed, w i t h  h i g h e r  o i l  l o a d i n g s  p r o d u c i n g  s h i f t s  t o w a r d  h i g h e r

s e t t l i n g v e l o c i t i e s  f o r  t h e  S P M . Comparable plots are presented for Yukon

Del ta  SPM wi th  unweathered Prudhoe Bay crude o i l  (F igures  5-20 and 5-21)  and

12-day w e a t h e r e d  P r u d h o e  B a y  c r u d e o i l  ( F i g u r e s  5 - 2 2  a n d  5 - 2 3 ) .  W h i l e  t h e

e f f e c t s u p o n  Y u k o n  D e l t a  S P M  a r e  l e s s  d r a m a t i c  t h a n  w i t h  G r e w i n g k  t i l l ,  i t

s t i l l appears t h a t  t h e r e  a r e  s h i f t s  t o w a r d  h i g h e r  s e t t l i n g  v e l o c i t i e s  f o r  t h e

Yukon SPM wi th  h igher  o i l  load ings . I t  s e e m s  p r o b a b l e  t h a t  t h e  s m a l l e r  e f f e c t

on s e t t l i n g v e l o c i t i e s  f o r  Y u k o n SPM may der ive f r o m  t h e  f a c t  t h a t  t h e

r e a c t i v i t y o f  the  Yukon sed iment  w i th  o i l  was substant ia l l y  lower  than tha t  o f

G r e w i n g k  t i l l (see S e c t i o n  5 . 2 . 2 . 1  a n d  i n  p a r t i c u l a r  v a l u e s  f o r  t h e  r e a c t i o n

c o e f f i c i e n t  a  i n  T a b l e  5 - 8 ) . I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  B a s s i n  a n d  Ichiye

( 1 9 7 7 )  c o n c l u d e d  t h a t  i n h e r e n t coagu la t ion  proper t ies  o f  o i ls  and suspended

c l a y s  d i d  n o t  a p p e a r  t o  a f f e c t  s e d i m e n t a t i o n  r a t e s  o f  o i l . However, from

r e s u l t s p r e s e n t e d  i n  t h i s  r e p o r t , i t  a p p e a r s  t h a t  i n c r e a s i n g  q u a n t i t i e s  o f  o i l

a s s o c i a t e d  w i t h  S P M  p r o d u c e d  p r o g r e s s i v e l y  g r e a t e r  r a t e s  o f  s e d i m e n t a t i o n  f o r

SPM and, hence, a n y  a s s o c i a t e d  o i l .

In  a d d i t i o n  t o  i n v e s t i g a t i n g  t h e  o v e r a l l  s e d i m e n t a t i o n  o f  o i l e d  S P M ,

an a t t e m p t was made to  de termine whether  agg lomerated o i l  was un i fo rmly  d is -

t r ibu ted over  the  ent i re  s ize  spect rum o f  SPM in  a  g iven exper iment . To accom-

p l i s h t h i s  p u r p o s e , one f i l te r  sample  f rom each sampl ing  t ime was ana lyzed fo r

o i l  c o n t e n t as wel l  as SPM load in one sett l ing chamber experiment. The spe-

c i f i c exper iment  invo lved Yukon De l ta  SPM and 12-day weathered Prudhoe Bay

141



a)
u  401

b)

c )

~
2.6 1.4 0.9 0.3  <0.2

mean settling velocity (cm/hr)

o—

o
~

47.4 14.0 6.1 1,4 0.9 0.3  <0.2
mean settling velocity (cm/hr)

50, I

.,., ,,,,.

.,.:.:.,.
,,,,..,.,..,,.,,,,,.,,,.,...,.... ,,,.,,,,,.,.
, .,,.,,,,.

,.,..., .,
,.,,,.,.,

❑ :eyt:;l

❑ 4 m g  oil
per liter

❑ ;epy#

❑ 8 0  mg oil
per liter

I I
47,4 14.0 6,1 2.6 1.4 0.9 0.3  <0.2

mean set t l ing velacity (cm/hr)

Figure 5.17. Weight YO of Total SPM  Loads Corresponding to Given Mean Particle Settling
Velocltles  for the Data Illustrated In Figure 5-16

Ex nments with the followin oil load exposures are compared with an unoiled control: (a) 4 mg
ofl,(b)  15 mg oil/L, and (c)~Omgoil/L.
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Figure 5-19. Weight % of Total SPM Loads Corresponding to Given Mean Particle Settling
Velocities for the Data Illustrated in Figure 5-18

Experiments with the followin oil load ex~sures are compared with an unoiled control: (a) 2.5
rmg oil/L, (b) 80 mg oil/L, and c)310 mg od/L.
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Figure 5-21. Weight  “A of Total  SPM  Loads  Corresponding to Given  Mean  Panicle Settl ing
Velocities for the  Data  lllustmted In Figure  5-20

Ex~timenE wititie following oilload  ex~smsn comptiwih munoiltimnmok (a)40
mg oil/Land (b) 110 mg oil/L.
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Figure 5-23. Weight ‘A of Total  SPM Loads Corresponding to Given Mean Particle Settling
Velocities for the Data Illustrated In Figure !$22

Experiments with the followin oil load exposures are compared with an unoiled control: (a) 20
?mg oil/L, (b) 50 mg oi4L, and c) 285 mg od/L.
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crude oil in seawater . Resu l ts  o f  the  ana lyses  o f  the  SPM loads and the  o i l

c o n t e n t s  o v e r  t i m e  a r e  i l l u s t r a t e d  i n  F i g u r e  5 - 2 4 . W h i l e  v a l u e s  f o r  b o t h  v a r i -

a b l e s  f o l l o w  t h e ant ic ipa ted rap id  dec l ine  expected fo r  Yukon De l ta  SPM,  the

decline does not appear to be as abrupt for the oil. F igure  5-25 aga in

p r e s e n t s  b o t h  s e t s o f  d a t a  f o l l o w i n g  t h e i r  t r a n s c r i p t i o n  t o  a p p r o p r i a t e  s e t -

t l i n g v e l o c i t y values . I f  o i l  w e r e  e v e n l y  d i s t r i b u t e d  o v e r  t h e  e n t i r e  s i z e

s p e c t r u m  o f SPM par t i c les , one would expect close agreement between trends in

the data  fo r  the  SPM loads and the  o i l  concent ra t ions . B e c a u s e  t h e  l a t t e r  s i t -

u a t i o n was n o t e x a c t l y  i n d i c a t e d  ( s e e  F i g u r e  5 - 2 5 ) ,  i t  a p p e a r s  t h a t  o i l  w a s

p r e f e r e n t i a l l y a s s o c i a t i n g  w i t h  p a r t i c l e s  t h a t  s e t t l e d  a t  v e l o c i t i e s  s l i g h t l y

lower than those o f  the  “heav ies t ”  SPM. S i m i l a r  p r e f e r e n t i a l  a s s o c i a t i o n s  o f

o i l  w i t h  “ s m a l l e r ” sed iment  par t i c les  in  a  cont ro l led  mar ine  ecosys tem are  not -

ed in Wade and Quinn (1980).

5 . 3 . 2 . 3  E f f e c t  o f  S a l i n i t y

E f f e c t s  o f  s a l i n i t y  o n  s e t t l i n g  v e l o c i t i e s  o f  p a r t i c l e s  w e r e  a l s o

invest igated for Yukon Delta SPM. F i g u r e s  5 - 2 6  a n d  5 - 2 7  i l l u s t r a t e  d e c l i n e s  i n

SPM loads over t ime on two occasions with “unoi led” SPM. I n  b o t h  f i g u r e s ,  t h e

SPM loads i n  f r e s h w a t e r  r e m a i n  s l i g h t l y  e l e v a t e d  a t  t h e  l a t e r  s a m p l i n g  t i m e s .

I t  would  a p p e a r  t h a t  t h i s r e f l e c t s  a  c e r t a i n  d e g r e e  o f  f l o c c u l a t i o n  i n  t h e

s m a l l e r s i z e ranges of SPM in seawater as wel l  as the 1:1  mix ture  o f  seawater

a n d  f r e s h w a t e r , l e a d i n g to  greater  sed imenta t ion  o f  “ f loccu la ted”  SPM in  the

two s o l u t i o n mediums w i t h  h i g h e r  s a l i n i t i e s . Comparable data are shown for

“ o i l e d ” S P M  f o r unweathered Prudhoe Bay crude o i l  (F igure  5-28)  as  we l l  as

12-day w e a t h e r e d  P r u d h o e  B a y  c r u d e  o i l ( F i g u r e  5 - 2 9 ) . B o t h  o f  t h e  l a t t e r

f i g u r e s i l l u s t r a t e t rends s imi la r  no t  on ly  to  each o ther  but  a lso  to  the  data

i n  F i g u r e s  5 - 2 6  a n d  5 - 2 7  w h e r e  n o  o i l  w a s  p r e s e n t . I n  t h e  c o n t e x t  o f  t h e s e

exper iments , it does not a p p e a r  t h a t  t h e  s e d i m e n t a t i o n  b e h a v i o r s  o f  “ o i l e d ”

versus “ u n o i l e d ” SPM are s u b s t a n t i a l l y  a f f e c t e d  b y s a l i n i t y . T h i s  i s  in

c o n t r a s t  t o r e s u l t s  p r e s e n t e d  i n  l-lartung  a n d  Klingler  ( 1 9 6 8 )  t h a t  s h o w

increased r a t e s o f  s e d i m e n t a t i o n  o f  o i l  a t  l o w e r  s a l i n i t i e s . I n  l i g h t  o f  r e -

s u l t s  p r e s e n t e d  i n  S e c t i o n  5 . 2 . 2 . 3  a n d  F i g u r e  5 - 1 2  t h a t  i n d i c a t e  o n l y  e x t r e m e l y

l i m i t e d  t e n d e n c i e s  f o r  o i l  t o  i n t e r a c t  w i t h  s e d i m e n t s  i n  f r e s h w a t e r ,  i t  i s  u n -

c l e a r h o w  Hartung  and Klingler  c o u l d  o b t a i n  i n c r e a s e d  s e d i m e n t a t i o n  o f  o i l  a t
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l o w e r s a l i n i t i e s  . T h e  r e s u l t s  i n  t h i s  r e p o r t  d o c u m e n t i n g  h i g h e r  r a t e s  of  in-

t e r a c t i o n  b e t w e e n  o i l  d r o p l e t s  a n d  S P M  a t  h i g h e r  s a l i n i t i e s  a n d  t h e  i m p l i c a t i o n

t h a t t h i s  h a s  f o r subsequent s e d i m e n t a t i o n  o f “o i led”  SPM appear  C O  be in

agreement  w i th  conc lus ions  ar r ived a t  by  Bass in  and Ichiye  ( 1 9 7 7 ) .

5 . 4 MOLECULAR ADSORPTION LEVELS

A d i s c u s s i o n of  the  u t i l i t y  and deve lopment  o f  the  iso therm,  and how

i t  can be app l ied  to  the  determinat ion  o f  molecu lar -sca le  in te rac t ions  w i th  SPM

h a s  b e e n  p r e s e n t e d e a r l i e r  a s  S e c t i o n  4 , 4 . The development of isotherms has

r e s u l t e d in  the  determinat ion  o f  the  max imum adsorp t ion  capac i ty  fo r  a  var ie ty

o f i n d i v i d u a l molecu lar  spec ies . In  a d d i t i o n ,  t h e  m e t h o d  f o r  a r r i v i n g  a t  t h e

i s o t h e r m  l e n d s i t s e l f  t o  t h e  c a l c u l a t i o n  o f  t h e  e q u i l i b r i u m  p a r t i t i o n  coeffi-  .

c i e n t . T h e  f o l l o w i n g d iscuss ion presents  the  resu l ts  o f  these measurements

a l o n g  w i t h  p r e d i c t i o n s  o f  r e a l i s t i c  s o r p t i o n  l e v e l s  b a s e d  o n  a c t u a l  s p i l l - e v e n t

d i s s o l v e d - c o m p o n e n t  c o n c e n t r a t i o n s . T h e  u s e  o f  d i s t i l l a t e  c u t s  a s  c o n v e n i e n t

e x p e r i m e n t a l m a t e r i a l arises , i n  p a r t ,  f r o m  t h e  n e e d  t o  l i m i t  t h e  n u m b e r  o f

compounds tes ted as  we l l  as  to  conform to  the  approach a l ready adopted by  the

p r e v i o u s  m o d e l i n g  e f f o r t s .

Iso therm p lo ts  o f  X /M vs  Cf are  presented as  F igures 5-30 and 5-31 for

c u t s # 4  a n d  # 7  f o r  Grewingk  g l a c i a l  t i l l ,  r e s p e c t i v e l y . F igure  5-32 dep ic ts

iso therms of Cut  ##7 compounds for Yukon Delta sediment. The X/M in te rcept  a t

C o  p r o v i d e s  t h e  m a x i m u m  i n d i v i d u a l  m o l e c u l a r  a d s o r p t i o n  c a p a c i t y  a t  t h e  i n i t i a l

d i s s o l v e d  c o n c e n t r a t i o n . ‘Ilese  v a l u e s  a r e  p r e s e n t e d  ( a l o n g  w i t h  t h e  i n i t i a l

c o n c e n t r a t i o n  i n s e a w a t e r  a n d  t h e  i s o t h e r m  l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t )  i n

Tables 5-10 and 5-11 . As seen in Table 5-10 and Figure 5-30, for compounds

conta ined in  Cut  ##4,  the  near ly  ident ica l  i so therm s lopes and the  a lmost  d i rec t

c o r r e l a t i o n  b e t w e e n  c a p a c i t y  a n d  i n i t i a l  ( C o )  c o n c e n t r a t i o n  s u g g e s t  t h a t  a  s i n -

g le  adsorp t ion  mechan ism is  opera t iona l .

O n  t h e  o t h e r  h a n d ,  T a b l e  5 - 1 1  a n d  F i g u r e  5 - 3 1  s h o w  v a r y i n g  i s o t h e r m

s l o p e s a n d  l i t t l e  d i r e c t  d e p e n d e n c e  o f  c a p a c i t y  o n  i n i t i a l  c o n c e n t r a t i o n  f o r

compounds in Cut #7. This suggests more complex adsorpt ion mechanism(s) for

t h e s e  i n t e r m e d i a t e m o l e c u l a r - w e i g h t  a r o m a t i c s . I t  shou ld  be noted,  however ,
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Table 5-10

Adsorptive Capacities of Grewingk Glacial  Tilla  for Cut #4 D“~oived Hydrocarbons

concentration in Maximum Adsoqrtive Linear Correlation
Cmpantdr Seawater Q@) capacity @g/g) COcfflcicnt

Toluene 7,230 2s0 .844
Ethylber-wcne 5,400 170 .778
m&pxylene 27300 660 .867
o-xylene 15,400 360 .907
Ethylmethyllxnzrne 1,160 36 .972
c3-benzene 450 11 .920
c3-be~ 484 14 .974

‘ Atiempts to determine adsorptive capacities for Yukon Delta sediment were unsuccessful due to inadequate dosage/concemraticm brackairrg.

Table 5-11

Comparison of Adsorptive Capacities of ‘IWO Sediment ~pes for Cut #7 Dissolved Hydrocarbons

Carl%mr-arion MAXIMUM ADSORFITVE CAPACITY (J@@/LCC?
irr Sea water

-d w) Grewirrgk Glacier Yukcar Delta

Tetramahylbermne 25.2 251.983
G-benzene 75.5

3.81.977
25/.929 4.0/.885

Nap4dmlene 1,110 35/.889 751.997
2-medrylnaphthalcne 842 61/.986 841.999
1 -methylnaphrhafene 723 3W.906 541.%37
1,1 ‘-biphenyl 31.2 1.6/.828 1.9/.957

‘ LCC indicmrm linear cormfaticm coefficient
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t h a t  t h e s e  a d s o r p t i v e  c a p a c i t i e s  a r e  p a r t i a l l y  d e p e n d e n t  o n  t h e  i n i t i a l  c o n c e n -

t r a t i o n s  b y  v i r t u e  o f  t h e  s a t u r a t i o n  l e v e l s  o f  s t a r t i n g  m a t e r i a l . T h a t  i s ,  a l -

t h o u g h  a o n e - t o - o n e  c o n c e n t r a t i o n - t o - c a p a c i t y  r e l a t i o n s h i p  d o e s  n o t  e x i s t  f o r

c u t  $7, the  capac i t ies  w i l l  depend on the r e l a t i v e  i n i t i a l  c o n c e n t r a t i o n s .

N e v e r t h e l e s s , the maximum a d s o r p t i o n  c a p a c i t i e s  o f  G r e w i n g k  g l a c i a l

t i l l  r a n g e d  f r o m  a  l o w  o f  1 . 6  pg/g  f o r  1 , 1 ’ -biphenyl  to  a  h igh o f  660 pg/g  f o r

m&p-xylenes. Max imum adsorp t ive  capac i t ies  were  obta ined fo r  Yukon De l ta  sed i -

ment with Cut #t7 on ly  because o f  exper imenta l “bracket ing”  prob lems encountered

during Cut ##4 isotherm development. Yukon De l ta  sed iment  adsorp t ion  capac i t ies

for Cut ##7 are u n i f o r m l y  h i g h e r  t h a n  t h o s e  o f  G l a c i a l  t i l l  ( T a b l e  5 - 1 1 )  a n d

range f r o m  1 . 9  Kg/g  for 1,1’ -biphenyl  to 84 pg/g  f o r  2 - m e t h y l n a p h t h e n e .  ‘his

un i fo rmly  h igher  capac i ty  fo r  Yukon De l ta  sed iment  may be a  resu l t  o f  the  h igh-

er  TOC leve ls  d isp layed by  Yukon De l ta  sed iment  compared to  Grewingk  till (see

S e c t i o n  5 . 1 ) ,

In  add i t ion  to  the  va lues shown in  Tab les  5-10 and 5-11,  one iso therm

w a s  d e v e l o p e d  f o r  G l a c i a l t i l l  f o r  a n  u n i d e n t i f i e d  C 14 -carboxylic  actd  c o n -

t a i n e d  i n  t h e  o i l  d i s t i l l a t e  b o t t o m s ; a t  a  seawater  concent ra t ion  o f  27.0  pg/1

t h e  c a p a c i t y  o f  G l a c i a l  t i l l  f o r  t h i s  c o m p o u n d  w a s  6 . 7  pg/g.

Because t h e  o i l  w e a t h e r i n g model  u t i l i zes  a  pseudocomponent  ( i .e .  ,

d i s t i l l a t e c u t ) a p p r o a c h  t o account f o r  t h e  o i l ’ s  m a s s  b a l a n c e ,  a  s l i g h t l y

modi f ied  vers ion  o f  the  above tes ts  was conducted us ing Cut  #$10. In this exper-

i m e n t ,  a s i n g l e c a p a c i t y w a s  d e v e l o p e d for  the  cut  as  a  whole  in  order  to

e s t a b l i s h  t h e  SPM’S c a p a c i t y  f o r  a n  e n t i r e  d i s t i l l a t e  c u t .  I n  a d d i t i o n ,  t h e

var ia t ion  ar is ing  f rom d i f fe rences in  SPM c o m p o s i t i o n  w a s  i n v e s t i g a t e d  b y  e x a m -

ining three SPM types.

F i g u r e  5 - 3 3  p r e s e n t s the iso therms deve loped fo r  the  sum of  a l l  Cut

R1O resolved peaks and, as seen, m a r k e d l y  d i f f e r e n t  p l o t s  w e r e  o b t a i n e d  f o r  t h e

t h r e e  S P M  t y p e s . Tab le  5-12 shows a  range o f  capac i t ies  f rom 1.0  ~g/g  for

T u r n a g a i n  A r m  S P M  t o  2 2  pg/g  for Grewingk  g l a c i a l  t i l l  w i t h  Y u k o n  D e l t a  sedim-

ent  f a l l i n g  i n  b e t w e e n  a t  7,1  pg/g.  T h e s e s  d i f f e r e n c e s  a r e  o f t e n  a t t r i b u t e d  t o

t h e e f f e c t s  o n s o r p t i o n o f  1 )  t h e  p a r t i c l e - s i z e  d i s t r i b u t i o n ,  w h i c h  a l s o
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Figure 5-33. Isotherms of Total Cut #10 Soluble Components with A) Grewingk giacla!  tlii,  B)
Turnagain  Arm SPM, and C] Yukon Deita sediment
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.,
Table 5-12

Comparison of Adsorptive Capacities of Three Sediment Types for Totala Cut #10
Dissolved Hydrocarbons

SPM ~ Maximum Adsqxive Capacityb Q.@g) Linear Corrr.latias Cbefticient

Thnagriin Arm Lo .892
Grewingk Glacier 22 .954
Yukm Delra 7.1 .901

* sum of atl Cus #l O resolved compounds
binitialml  #lo onsccntrarim in seawam was 54.4 pg/L wiIh a czdficierrt of vari.stim of 4070 based  on experimental triplicates

a f f e c t s number  dens i ty and ava i lab le  sur face area,  and 2)  S P M  organic  carbon

l o a d i n g (Kar ickhof f  e t  a l .  ,  1978)  . (See Sect ion 5.1 for sediment/SPM charac-

t e r i z a t i o n  d a t a .  )

I t  shou ld  be emphas ized here  that  the  va lues repor ted throughout  th is

d i s c u s s i o n  s o far  represent  the  max imum capac i ty  tha t  SPM cou ld  adsorb  under

ideal (des igned) c o n d i t i o n s . Idea l  cond i t ions  fo r  max imum adsorp t ion  wou ld

d ic ta te  a  packed co lumn o f  SPM and a  su i tab ly  long contac t  t ime w i th  cut  equ i l -

i b r a t e d seawater as  the influent. Of  course ocean cond i t ions  are  hard ly  idea l

( f r o m  t h i s respect ) ,  and capac i t ies  in  the  mar ine env i ronment  are  bound to  be

s u b s t a n t i a l l y  l o w e r  t h a n  t h o s e  r e p o r t e d  h e r e .

T o  p u t  t h e s e a d s o r p t i o n  c a p a c i t i e s  i n t o  p e r s p e c t i v e ,  i s o t h e r m s  w e r e

d e v e l o p e d  f o r  toluene  a n d  e t h y l b e n z e n e  u s i n g  a  g r a n u l a r - a c t i v a t e d  c a r b o n  f r o m

Hydro-Darco. A t  s i m i l a r  i n i t i a l  c o n c e n t r a t i o n s  t h e  a c t i v a t e d - c a r b o n  c a p a c i t y

was 53 mg/g for toluene  and 15 mg/g for ethylbenzene. These capac i t ies  are
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o r d e r s o f  m a g n i t u d e  g r e a t e r  t h a n  t h e  l e v e l s  d e t e r m i n e d  f o r  g l a c i a l  t i l l  ( s e e

Tab le  5-10) .

Given the resu l ts  presented above, and keep ing in  mind that  they  rep-

resent  the upward boundary  (ie. u n d e r  d e s i g n e d  c o n d i t i o n s ) } i t  b e c o m e s  a p p a r e n t

that  SPM/dissolved  o r  m o l e c u l a r - s c a l e  i n t e r a c t i o n s  a c c o u n t  f o r  o n l y  a  m i n u s c u l e

f r a c t i o n  o f  t h e  m a s s of  o i l  po tent ia l l y  removed when compared to  d ispersed,

w h o l e - o i l  droplet/SPM  i n t e r a c t i o n s  ( s e e  S e c t i o n  5 . 2 ) .  H o w e v e r ,  i n  o r d e r  t o  o b -

t a i n r e a l i s t i c s o r p t i o n v a l u e s ,  a s opposed to the maximum levels provided

above, the i s o t h e r m  e x p e r i m e n t a l  d a t a  w e r e  u s e d  to o b t a i n  p a r t i t i o n  c o e f f i c i e n t

( Kp)  v a l u e s  f o r  t h e  i n d i v i d u a l  d i s s o l v e d  m o l e c u l a r  c o m p o u n d s .  C u t s  # 4  a n d  # 7

for  Grewingk g lac ia l  t i l l  and Yukon De l ta  sed iment  and to ta l  Cut  #10 compounds

f o r  a l l  t h r e e types o f  SPM were  inves t iga ted.  The resu l ts  o f  th is  e f fo r t  a re

presented be low.

C a l c u l a t e d  K p va lues can be found in  Tab le  5-13 a long wi th  the  coeffi.

c i e n t  o f v a r i a t i o n (CV) ar is ing  f rom rep l ica te  measurements .  As  seen,  the  K
P

v a l u e s range f rom 12.9  to  204 fo r  Grewingk g lac ia l  t i l l ,  and f rom 26.3  to  86,0

for Yukon Delta  sediment for Cuts #4 and #7 compounds. Most apparent from these

Table 5-13

Predicted Levels of Molecukir-Scale./SPM  Adsorption

PREDICIEDCONCENTRATIONb
Estimated Maximum ON SPM (p@)

‘Gl$z)a
Water Cdmm

-nd Gsewingk Tlnnagain Cawemsatiar (ppb) Gmvingk Yukon Tunmgam

Toluene
Erhylbenrzne
m & p-xylem
O-xylene
Ethylrnedrylbenzene
c3-benxcne
c3-benzene
Te~e!bylEesszene
G-klz.ene
Naplrtftalase
2-mcthylna@ttralme
I-metiylnaphkdene
1,1’-biphenyl
cut#lo

18.5(31)
21.1 (21)
17.4i3ij
129 (39)
20.6 (27)
16.8(31)
226 (19)
55.1 (18)
39.6 (22)
70.9 (54)

1% (52)
138 (70)
204 (loo)
134 (47)

28.0(30)
29.2 (9)
26.3 (19)
28.2 (25)
34.5(15)
35.8 (14)
29.7 (13)
86.0 (36)
57.3(16)
60.5 (14)
84.1 (16)
68.0 (15)
80.8 (29)
17.9 (20)

NA’
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
50.7 (46)

140
20
60
30
4
4
8
3

10
20
Is
10
2

- 1 0

2,500
420

1 ,OCQ
390
80
70

180
160
400

1,400
2,800
1,300

390
1 Joo

3,900
Sgo

1,600
840
130
140
240
250
570

1,200
1,200
670
160
170

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
500

‘Kpindicatesihe average partisioncaeffkicm -ccmcmtrarionon Sp~concentratiem in solution at equilibrium. CV is tie coefficient of
variathbased  cm@icatemeaaurvanents.

bpredictionsbasedcm nw.asuredKps,mdspiU eventdissolvedamnatic watercchmrruntxmmtiona,  mdanSPMlevelof 200m~
c not anal-
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d a t a  i s t h e  g e n e r a l  t r e n d  o f  i n c r e a s i n g  K w i t h  i n c r e a s i n g  m o l e c u l a r  w e i g h t .
P

The r e s o l v e d  c o m p o u n d  K f o r  t o t a l  C u t  # 1 0  w a s  1 3 4  f o r  G l a c i a l  t i l l ,  1 7 . 9  f o r
P

Yukon Delta, and 50.7 for Turnagain Arm. These va lues appear  to  cor re la te  we l l

w i th  number  dens i ty .

Also included in Table 5-13 are est imated maximum water column concen-

t r a t i o n s for each of the  i n v e s t i g a t e d  c o m p o u n d s ,  T h e s e  v a l u e s  w e r e  o b t a i n e d

f rom measurements  co inc id ing  w i th ,  fo r  the  most  par t ,  rea l  sp i l l  events  (Brooks

e t a l . , 1980 ; McAuliffe, 1977a and b; Payne et al . ,  1984). By combining the

m e a s u r e d  K p va lues  w i th  these es t imated water  co lumn concent ra t ions  and assum-

i n g  a n  o c e a n SPM load ing o f  200 mg/1, the  pred ic ted concent ra t ion  on the  SPM

has been ca lcu la ted.  The fo l lowing equat ion  was used to  pred ic t  these more re-

a l i s t i c  d i s s o l v e d  m o l e c u l a r - s c a l e  s o r p t i o n  l e v e l s .

C5 - ‘A
‘l’Kp+s

Where C -s
in s e a w a t e r

t h e  c o n c e n t r a t i o n  o n  t h e  S P M  (pg/g),  Gi - t h e  i n i t i a l  c o n c e n t r a t i o n

(Pg/1),  VI -  t h e  v o l u m e  o f  s e a w a t e r  ( l ) ,  K  -  t h e  p a r t i t i o n  coeffi-
P

cient  (unitless), and S = the  SPM load ing

rear rangement  and subst i tu t ion  o f  the  s imple

Civl -  Clvl  +

w i t h  K -  cs/cl. The above equation states
P

(g).

mass

Css

The above formula

ba lance equat ion :

a r i s e s  f r o m

simply  tha t  the  to ta l  mass o f  com-

pound x contained in a given volume is equal to the sum of the mass on the SPM

and mass remaining in the aqueous phase.

So lv ing  fo r  Cs y ie lds  the  pred ic ted concent ra t ions  on SPM presented in

t h e  l a s t  f e w  c o l u m n s  o f  T a b l e  5 - 1 3 .  F o r  t h e  t a r g e t  c o m p o u n d s  l i s t e d ,  t h e  p r e -

d i c t e d  S P M  c o n c e n t r a t i o n s ranged f rom 70 ppb ( for  a  C3-benzene)  to  2800 ppb

( f o r  2 - m e t h y l n a p h t h a l e n e )  f o r  Grewingk  glacial t i l l ,  a n d  f r o m  1 3 0  p p b  ( f o r

ethylmethylbenzene ) to  3900 ppb ( for  toluene)  f o r  Y u k o n  D e l t a  s e d i m e n t ,  T h e

p r e d i c t e d  l e v e l s for  to ta l  Cut  #10 compounds were  1300,  170,  and 500 ppb for

G l a c i a l  t i l l ,  Y u k o n  D e l t a  s e d i m e n t , and Turnagain Arm SPM, respect ively.
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As expected, t h e  p r e d i c t e d  m o l e c u l a r s o r p t i o n  l e v e l s - - b a s e d  o n

m e a s u r e d  K and r e a l i s t i c w a t e r
P

column aromat ic compound and SPM

concent ra t ions-  -are w e l l  b e l o w the max imum adsorp t ion  capac i t ies  de termined

through iso therm deve lopment . T h e  r e a l i s t i c  p r e d i c t e d  c o n c e n t r a t i o n s  a r e  i n  t h e

ppb range, w h i l e the maximum a d s o r p t i o n c a p a c i t i e s are in the ppm range.

Fur thermore , u n l e s s t h e  a d s o r p t i o n mechanism i n v o l v e s  a n  u n l i k e l y  c h e m i c a l

r e a c t i o n , t h e n  r e s o r p t i o n wi l l  occur  as  the  SPFI p a r t i c l e  i s  e x p o s e d  t o  c l e a n

w a t e r . T h e  r e v e r s i b l e  n a t u r e  o f  t h e  s o r p t i o n  p r o c e s s  w i l l  o v e r  t i m e  ( a n d / o r

d i s t a n c e ) , decrease the  leve ls  o f  a romat ic  compound load ing even fur ther .

I n  a n  e f f o r t  t o  c o r r e l a t e  m o l e c u l a r - s c a l e a d s o r p t i o n  l e v e l s  w i t h

SPM-dependent parameters, t h e t h r e e types of SPM examined were analyzed for

t o t a l o r g a n i c c a r b o n  ( T O G ) , m i n e r a l o g y  b y  X - r a y  d i f f r a c t i o n ,  h y d r o c a r b o n

c o n t e n t , s o l i d s  d e n s i t y , number  dens i ty , a n d  g r a i n - s i z e  d i s t r i b u t i o n .  T a b l e s

5 - 1  t h r o u g h 5-5  and Append ix  C prov ide the  resu l ts  o f  these determinat ions  in

d e t a i l . I n  a d d i t i o n , i t  h a s  b e e n  s u g g e s t e d  (Sabljic’,  1 9 8 7 ) ,  t h a t  r e l i a b l e

p r e d i c t i o n s  c a n of ten be made based on cer ta in  molecu lar  proper t ies  such as

s t r u c t u r e , t h e  octanol-water  p a r t i t i o n  c o e f f i c i e n t ( Ko w)  o r  v o l u b i l i t y .

T h e r e f o r e , T a b l e  5 - 1 4  p r o v i d e s  t h e  l o g  Kow a n d  v o l u b i l i t y  i n  s e a w a t e r  f o r  t h e

compounds o f  in teres t .

A  r e v i e w  o f SPM charac ter is t i cs  and molecu lar  p roper t ies  versus  ad-

s o r p t i o n  b e h a v i o r  r e v e a l s  p r i n c i p a l l y  o n l y  a  f e w  e x p e c t e d  t r e n d s :

e K is  found to  increase wi th  an increase in  K o w,  d e c r e a s i n g  solu-
b?lity,  and increas ing molecu lar  we ight

@ S P M  a d s o r p t i o n  c a p a c i t y  a p p e a r s  t o  b e  s t r o n g l y  a f f e c t e d  b y  i n i t i a l
d isso lved component  concent ra t ions

e SPM capac i ty  fo r  Cut  x1O components  cor re la tes  ( loose ly )  w i th  both
n u m b e r  d e n s i t y  a n d  t h e  > 2 pm g r a i n - s i z e  f r a c t i o n .

F i g u r e 5 - 3 4  s h o w s i n  h i s t o g r a m fash ion the overa l l  absence o f  recogn izab le

trends . As seen, n u m b e r  d e n s i t y  c o r r e l a t e s  w i t h  t h e  f i n e  (<  2 pm) g r a i n - s i z e

f r a c t i o n , and both  appear  to  re la te  inverse ly  w i th  TOC. B e y o n d  t h a t  t h e  a b i l i -
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Table 5-14

Octanol/Water  Partition Coetlicients  (log KOW) and Seawater Solubilities  for
Selected Aromatic Compounds

Cornprund Lag b’ SoIubilityb (ppm)

Toluene 265 269’ 379
Ethylbenzene 3.13 284* 111
m-xylme 3.m 106
p-xylefle 3.18 111
O-xyIme 3.13 130
Etiylrntiylbenzute 3.53
Trimethylbcnzene

—
3.55 3148 (isomer range)

Na@tiaiare 3.35 3.37’ 22
3.31°

2-methylna@tbaJcne 3.86 25C
1 -metiylnafhthakne 3.87 xc
1,1 ‘-biphenyl 3.95 4.8

‘AU log ?& vaJu were obuined from Envircmmmraf Science and Technology, Vol. 19, No. 6, June 1985, pp. 522-529, except where noted.
b ~  ~oiu~v v~w~ am fm  Fare and weathering of Pcrroieum spills in ~C Ma~e h vimnrnem, R.E. Jordan and J.R. Payne, Ann Arbor
Samce Publicaticm, 1980, pp 31-$1.

‘ Envinmmcntal  Samce and Technology, Vol. 11, No. 5, May 1977, pp 475-478
d =ti ronmenfal  .%ienee  and Technology, Vol. 17, No. 4, ApriJ 1983, ~  227-231
e EnvironmenraJ Seimce and Technology, Vof. 18, No. 1, January 1984, pp 31-34
f meaaural in diadlkl wafer

ty to unve i l  t rends is  hampered severe ly . Given th is  lack  o f  coherent  t r e n d s ,

any attempt to promote a correlat ion factor based on SPM variables would amount

o n l y  t o pure conj ec ture. On the  o ther  hand,  d i f fe rences in  SPM types as ide,

there are several est imation methods avai lable (Lyman et al  .  ,  1982) that can be

used wi th  reasonab le  success to  pred ic t  par t i t ion ing behav ior  based on chemica l

p r o p e r t i e s . These est imation methods make use of chemical propert ies that a r e ,

f o r  t h e  m o s t  p a r t , e a s i l y  f o u n d  i n  t h e  l i t e r a t u r e  s u c h  a s  v o l u b i l i t y ,  octanol-

w a t e r p a r t i t i o n  c o e f f i c i e n t , or  m o l e c u l a r  s t r u c t u r e .  ( T h e  i n t e r e s t e d  r e a d e r  i s

d i rec ted to  Chapter  4  o f  the  Lyman re ference. )

In t h e  c a s e  o f  e x a m i n i n g  t h e  m o l e c u l a r  a d s o r p t i o n  b e h a v i o r  o f  v a r i o u s

SPM types , t h e  m o s t r e l i a b l e approach remains t o  p e r f o r m the necessary

measurements . S h o r t  o f  c o n d u c t i n g  t h e  d e t e r m i n a t i o n s ,  a p p r o x i m a t i o n s  c a n  b e
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Figure 5-34. Hl~ogmms  of SPMVatiables ati Cut  Ca~citles Where:  GG=Grewlngk Glacial
Till,  T~=Turnagain  Ann  Sediment,  and Yti=Yukon DeitaSediment -
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p r e d i c t e d  t h o u g h  t h e  p r u d e n t se lec t ion  o f  an  appropr ia te  es t imat ion  method.

The data  prov ided in  th is  sec t ion  are  ac tua l  measurements  and,  as  such,  shou ld

b e  r e g a r d e d  a s more re l iab le  than es t imated methods. T h e  a b i l i t y  to  p r e d i c t

i n t e r a c t i o n  r e s u l t s  t h r o u g h  p a r a m e t e r  c o r r e l a t i o n s  c u r r e n t l y  r e m a i n s  l i m i t e d  t o

c h e m i c a l  p r o p e r t i e s  i n h e r e n t  i n  t h e  m o l e c u l e  o f  i n t e r e s t .

In  summary , a l t h o u g h  t h e  c o r r e l a t i o n  f a c t o r  f o r  SPM/molecular  a d s o r p -

t i o n  i s  e l u s i v e , measurement  is  the  opt ion  tha t  can prov ide the  needed in forma-

t i o n . And, based on the measured va lues determined dur ing  th is  pro jec t  and

keep ing in  mind the  revers ib le  nature  o f  the  process,  i t  i s  apparent  tha t  com-

pa red to  droplet/SPM  i n t e r a c t i o n s ,  m o l e c u l a r  a d s o r p t i o n  l e v e l s  a r e  o f  l i t t l e

env i ronmenta l  concern .
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6 . 0 CODE DESCRIPTIONS

6.1 CODE-USE DESCRIPTION: OILSPMXS

T h e  m a t h e m a t i c a l  m o d e l  t h a t  d e s c r i b e s  the  in terac t ion  o f  oil  d r o p l e t s

with excess SPM is coded in BASIC and named OILSPMXS.BAS. The mathematics are

d e s c r i b e d i n  S e c t i o n  3 . 1 . Th is  code should  be run from a compiled and l inked

e x e c u t a b l e  f i l e . The executab le  f i le  shou ld  be a “ s t a n d - a l o n e ” and not  requ i re

a  r u n - t i m e  l i b r a r y .

Upon r u n n i n g  OILSPMXS b y  t y p i n g  t h e  .EXE f i l e  n a m e ,  t h e  s c r e e n  will

d i s p l a y  a  p r o m p t  a s k i n g  t h e  u s e r i f  t h e  p a r a m e t e r s  a r e  t o  b e  “ e d i t e d ”  o r

“ e n t e r e d , ”  a s i l l u s t r a t e d  i n  T a b l e  6 - 1 . The user  can then enter  “ed i t ”  as

i l l u s t r a t e d  a n d  p r e v i o u s l y  s t o r e d  v a l u e s  o f  t h e  p a r a m e t e r s  w i l l  b e  d i s p l a y e d  a s

shown i n  T a b l e  6 - 2 . I t  i s  recommended tha t  the  user  “ed i t ” parameters  rather

t h a n “ e n t e r ” because the s tored parameters  are  in  the  range o f  in teres t  o f  the

e n v i r o n m e n t a l a p p l i c a t i o n s . Any of the displayed parameters can be changed,

i . e . , e d i t e d  b y  t y p i n g  “ y e s , ”  t o  t h e  p r o m p t ,  a s  i l l u s t r a t e d  i n  Table  6 - 2 . Upon

e n t e r i n g “ y e s ” the parameter  l ine  number  tha t  i s  to  be changed is  entered,  in

t h i s case the depth is changed to 20 m . A f t e r  e a c h  e d i t  t h e  e n t i r e  p a r a m e t e r

l i s t  i s  d i s p l a y e d . T h e  c o d e  w i l l  c o n t i n u e  e x e c u t i o n  o n l y  a f t e r  “ n o ”  i s  e n t e r e d

a t  t h e  p a r a m e t e r - c h a n g e  p r o m p t  a s  i l l u s t r a t e d  in  Table  6-3 .

T h e  c o d e  e x e c u t e s in the compiled and l inked mode in a few seconds,

and t h e i n i t i a l  o u t p u t  i s  a  s u m m a r y  o f  t h e  i n p u t  p a r a m e t e r s  a n d  t h e  r o o t s  o f

t h e t r a n s c e n d e n t a l  f u n c t i o n  ( a l s o  r e f e r r e d  t o  a s  eigenvalues)  f o r  t h e  p r o b l e m .

Each page of the output begins with a header identi fying the code name and ver-

s i o n . T h i s  i n f o r m a t i o n  i s  c o d e d  i n t o  t h e  s o u r c e  t h r o u g h  c h a r a c t e r  s t r i n g s  a n d

any u s e r t h a t changes t h e code is urged also to make these changes ( in the

f i r s t  f e w  l i n e s  o f  t h e  s o u r c e ) . By  do ing  th is , a  record  is  main ta ined tha t  can

b e  o f  g r e a t  v a l u e  i n  d o c u m e n t i n g  r e s u l t s . An example  o f  the  f i rs t  page o f

o u t p u t  i s  i l l u s t r a t e d  i n  T a b l e  6 - 4 .

T h e  c a l c u l a t e d  o i l  d r o p l e t  c o n c e n t r a t i o n  p r o f i l e  f o r  a  u s e r - e n t e r e d

t ime of 1 hr is i l l u s t r a t e d  i n  t h e  o u t p u t  i n  T a b l e  6 - 5 . The dimensionless
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Table 6-1. Initial Screen Prompt From OILSPMXS.BAS.

oIL  D~opLETs I N T E R A C T I N G  WITH EXCESS SPM.
CODE NAME IS 01LSPt4XS.BAS,  V E R S I O N  O F  8 - 3 - 8 8  @ 0718

WANT TO EDIT OR ENTER INPUT  PARAMETERS ? edi t

Table 6-2. Screen Display of Parameter Editing From OILSPMXS.BAS.

OIL DROPLETS INTERACTING WITH EXCESS SPM.
C O D E  N A M E  IS  01LSP14XS.BAS,  VERSION OF 8-3-88 @.0718

1 .
2 .
JO
4 .
5 .
6 .
7 ,
8 .
9 .
1 0 .

RISE VELOCITY, CM/SEC = . 0 0 1
T U R B U L E N T  DII?FUSIVITY,  CM*CM/SEC = 100
DEPTH,  METERS =  10
NUMBER OF ROOTS = 25
ROOT ERROR LIMIT  = 1 . 0 0 0 0 - 0 6
E X P O N E N T I A L  F L U X  TERM,  l/SEC  = 4.600D-05
I N I T I A L  O I L  F L U X ,  GRAM/(C!4*C14*SEC)  = 1.800D-05
DISAPPEARANCE RATE CONSTANT? l/SEC = 9.400D-04
NUMBER OF DEPTH VALUES = 27
PRINT THE ROOTS? YES

WANT TO CHANGE ANY? yeS

ENTER THE LINE NUMBER TO BE CHANGED? 3

ENTER THE DEPTH, METERS ? 20

Table 6-3. Screen Display of Parametersto be Used in Calculation, witha
Final User Response of ’’no’’, From OILSPMXS.BAS.

OIL  DROPLETS INTERACTING WITH EXCESS SPM,
CXIDE N A M E  IS  OILSPMXS.BAS, V E R S I O N  O F  8 - 3 - 8 8  @ 0718

1 .
2 .
3.
4.
5 .
6 .
7 ,
8 .
9 .
1 0 .

RISE VELOCITY, CM/SEC = .001
T U R B U L E N T  DIFFUSIVITY,  Cll*Cbl/SEC  = 100
DEPTH, METERS = 1 0
NUMBER OF ROOTS = 25
R O O T  E R R O R  LIMIT  = 1.000D-06
E X P O N E N T I A L  FLUX  TERM, l/SEC = 4.600D-05
I N I T I A L  O I L  F L U X ,  GRAW(CM*C14*SEC)  = 1 . 8 0 0 0 - 0 5
DISAPPEARANCE RATE CONSTANT,  l /SEC = 9.4130D-04
NUMBER OF DEPTH VALUES = 27
PRINT THE ROOTS? YES

WANT TO CHANGE ANY? n o

171



(I’able 6-4. Printed Output of Proldem Parameters From OILSPMXS.BAS.

C O D E  NAME IS OILSPHXS.  BAS, V E R S I O N  O F  8 - 3 - 8 8  @ 0718
R U N  T I M E  = 07:15:01,  RUN DATE = 08-03-19J38

THIS CODE SOLVES THE TRANSIENT ADVECTION-DISPERSION  EQUATION FOR
OIL  DROPLET’S WITH FIRST-ORDER REACTION LOSS.

PROBLEM IDENTIFICATION: PRE-LOADED  PARAMETER TEST CASE

OIL DROPLET RISE VELOCITY = .001 CM/SEC, DEPTH = 10 METERS

TURBULENT DIFFUSIVITY  = 1 0 0  CX*CWSEC

ERROR LIMIT  FOR THE ROOTS = 1.000D-06

VX*L/(.2*K)  = - 5 . 0 0 0 0 - 0 3  U N I T L E S S

T H E  2 S  R O O T S  OF F(BETA)  = BETA*COTANGENT(  13ETA) + vX*L/(2*K)

ROOT
1.568D+O0
4.711D+O0
7.853D+O0
1.1000+01
1.414D+OI
1.728D+OI
2.042D+01
2.356D+OI
2.670D+OI
2.984D+OI
3.299D+OI
3.613D+OI
3.927D+OI
4.241D+OI
4.555D+OI
4.869D+01
5.184D+OL
5.498D+01
5.812D+OL
6.126D+01
6.440D+01
6.7!54D+131
7.0690+01
7.383D+OI
7m697D+Ol

F(  BETA)
-4.lllD-07

3.831D-07
-7.362D-08
-2.266D-08

4.998D-07
3.937D-07

-4.653D-07
-8.318D-08

2.939D-07
3.739D-07
1.577D-07

-5.745D-07
3,1OID-O7

-7s179D-07
6.801D-07

-9.371D-07
5.586D-08
6.808D-07
7.541D-07
5 . 5 0 3 0 - 0 8
2.015D-D07

-9.391D-07
-5.765D-0t3

9e708D-07
-6.114D-07

EXPONENTIAL FLUX TERM = 4.600D-05  l/SEC

I N I T I A L  O I L  F L U X  =  1.800D-05  GRAF19/(C?l*CWSEC)

FIRST ORDER DISAPPEARANCE RATE CONSTANTP l/SEC  = 9 . 4 0 0 0 - 0 4  l / S E C

Z E T A - B A R  I S  R E A L  (  <> VX/(2*K)  ) A N O  E Q U A L  T O  2.990D-03  l/C14  (IZBAR  “  1)
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Table 6-5. Calculated Oil-Droplet Concentration Profile at 1 Hour From
OILSPIYIXS.BAS.

CODE N A M E  IS OILSPMXS.  BAS, V E R S I O N  O F  8 - 3 - 8 8  @ 0 7 1 8
RUN T I M E = 07:15:01,  R U N  D A T E  =  0 8 - 0 3 - 1 9 8 8

CALCULATED RESULTS ***************************axa**~

CONCENTRATION PROFILE (GM\CC) FOR TIME = 1.0000+00  HOURS
D I M E N S I O N L E S S  T I M E ,  K*T/Lfi*2  = 3.600D-01

DEPTH
(CM)

0,0000+00
3.846D+OI
7.6920+01
1.154D+02
1.538D+02
1.923D+02
2.308D+02
2.692D+02
3.0’770+02
3.462D+02
3.846D+02
4.231D+02
4.615D+02
5.000D+02
5.385D+02
5.769D+02
6.154D+02
6.538D+02
6.923D+02
7.308D+02
7.692D+02
8.077D+02
8.462D+02
8.846D+02
9.231D+02
9.615D+02
1.0000+03

OIL  CONC
( Gbf/CC  )

5.040D-05 (SURFACE)
4 . 4 8 4 0 - 0 5
3.988D-05
3.546D-05
3 . 1 5 2 0 - 0 5
2 . 8 0 0 0 - 0 5
2.487D-05
2.207D-05
1.957D-05
1.733D-05
1.534D-05
1.355D-05
1 . 1 9 5 0 - 0 5
1.052!2-05
9.225D-06
8.062D-06
7.OllD-06
6.057D-06
5.187D-06
4.390D-06
3.654D-06
2.969D-06
2,327D-06
1.717D-06
1.131D-06
5.614D-07
0.0000+00 (BOTTOM)

T O T A L  GRAMS OF OIL D I S P E R S E D  INTO  THE WATER COLUMN = 5.972D-02

GRAMS OF FREE OIL DROPS IN  THE WATER COLUMN = 1.507D-02
GRAMS OF OIL DROPS ATTACHED TO SPPl = 4.147D-02
:RAHS  OF FREE  OIL DROPS ATTACHED TO THE BOTTOM = 3 . 1 7 9 0 - 0 3

TOTAL GRAMS OF OIL ACCOUNTED FOR IN THE CALCULATION = 5.972D-02
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t i m e  p r i n t e d  j u s t  u n d e r  t h e  t i m e  of  1  hr  is  p r in ted to  prov ide the user  w i th  a

numb e r wh ich can be used to gauge how c lose the resu l ts  are  to  a  s teady-s ta te

value , T y p i c a l l y ,  d i m e n s i o n l e s s  t i m e s  g r e a t e r  t h a n  1 . 0  a r e  i n d i c a t i v e  o f  a  r e -

s u l t t h a t i s  v e r y  c l o s e  t o  s t e a d y  s t a t e , a n d  e n t e r i n g  a  g r e a t e r  t i m e  w i l l  n o t

marked ly change the resu l ts . However, t h i s  d i m e n s i o n l e s s  t i m e  i s  p r i n t e d  o n l y

as a gauge, and i n some cases t h e steady s t a t e may be a zero-

c o n c e n t r a t i o n p r o f i l e . N o t e  i n  t h e  c a l c u l a t e d  r e s u l t s  i n  T a b l e  6 - 5  t h a t  t h e

o i l  d r o p l e t  c o n c e n t r a t i o n  v a r i e s  f r o m  5 . 0 4  x  1 0
-5

g / c m3 (50.4  ppm) a t  the  sur -

f a c e  t o 1 . 0 5  x  1 0 - 5  g/cm3 ( 1 0 . 5  ppm) at a depth of 5 m, and to O g/cm 3 a t  t h e

bot tom. T h e  z e r o  c o n c e n t r a t i o n  a t  t h e  b o t t o m  i s  t h e  r e s u l t  o f  t h e  ( i m p o s e d )

b o u n d a r y  c o n d i t i o n  d e s c r i b e d  i n  t h e  d e r i v a t i o n .

A  t o t a l  m a t e r i a l  b a l a n c e  s u m m a r y  f o r  o i l  d r o p l e t s  i s  p r i n t e d  a f t e r  t h e

c o n c e n t r a t i o n  p r o f i l e , Th is  summary  prov ides  in fo rmat ion  w i th  respect  to  the

q u a n t i t y  o f  o i l  d r o p l e t s  d i s p e r s e d  i n t o  t h e  w a t e r  a t  t h e  s u r f a c e ,  i n  t h i s  e x a m -

p l e  0 . 0 5 9 7  g  a t  1  h r ; the  mass o f  unat tached o i l  d rop le ts  in  the  water ,  0 .0151

grams;  o i l  a t tached to  SPM, 0.0415 g ;  and oil  aetached  to  the  bot tom,  0 .0032 g .

T h e  l a t t e r  t h r e e  m a s s e s  m u s t  s u m to the  mass o f  o i l  d ispersed in  order  to

“ c l o s e ” t h e  m a t e r i a l  b a l a n c e . Thus , t h e  last  l i n e  o f  o u t p u t  a c c o u n t s  f o r

0 . 0 5 9 7  g  o f  o i l . The mater ia l  ba lance must  c lose fo r  each ca lcu la t ion ;  lack  o f

s u c c e s s f u l  c l o s u r e  i n d i c a t e s  a n  e r r o r  i n  t h e  c a l c u l a t i o n .

T h e  o i l  d r o p l e t  c o n c e n t r a t i o n  p r o f i l e  a t  1 0  h r  i s  p r e s e n t e d  in  T a b l e

6-6  and is  to  be compared wi th  the  pro f i le  a t  1  hr  in  Tab le  6-5 . Note  that  the

10-hr  c o n c e n t r a t i o n s  a r e  c o n s i d e r a b l y  d e c r e a s e d  r e l a t i v e  t o  t h e  l - h r  c o n c e n t r a -

t i o n s . T h i s  i s  d u e  t o  t h e  l o s s  o f  o i l  t h r o u g h  r e a c t i o n  a n d  l o s s  o f  o i l  t o  t h e

bot tom. N o t e  tha t  the  d ispers ion  is  mode led as  a  decay ing exponent ia l ,  ( l ine

#6 in  Table  6-2)  and as  a  resu l t  the  o i l  d rop le t  flux  f r o m  t h e  s u r f a c e  g o e s  t o

z e r o  a t  l a r g e  t i m e ( s ) .

T h e  s a m p l e  p r o b l e m  i l l u s t r a t e d  i n  T a b l e s  6 - 1  t h r o u g h  6 - 6  i s  b a s e d  o n

an (c/v)  l/2 -1value  of 10 sec . However, a  r e v i e w  o f  t h e  l i t e r a t u r e  ( T a b l e  6 - 7 )

f o r  e n e r g y d i s s i p a t i o n  r a t e s  i n  t h e  o c e a n  s h o w s  t h a t  a  v a l u e  o f  0 , 0 1
3erg /cm /see c a n  b e  e x p e c t e d  ( a n d  d o w n  t o  0 . 0 0 0 3  erg/cm3/sec  a l s o ) , On a

p e r - u n i t 3m a s s - o f - f l u i d  b a s i s  t h i s  v a l u e  b e c o m e s  0 . 0 1  c m 2/ sec  ,  and d iv id ing  by
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Table 6-6. Calculated Oil-Droplet Concentration Profile at 10 Hours FromOILSPMXS.BAS.

C O D E  N A M E  IS  01LSPt4XS.BAS,  V E R S I O N  O F  8 - 3 - 8 8  Q 0 7 1 8
RUN T I M E =  07:15:01,  RUN D A T E  =  0 8 - 0 3 - 1 9 8 8

C A L C U L A T E D  R E S U L T S  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C O N C E N T R A T I O N  P R O F I L E  (GM\CC)  FOR TIME = 1.000D+O1  HOURS
D I M E N S I O N L E S S  T I M E ,  K*T/L**2  = 3.600D+O0

DEPTH
(CM)

0.000D+OO
3.846D+Ol
7.692D+01
1.154D+02
1.538D+02
1.923D+02
2,308D+02
2.692D+02
3.077D+02
3.462D+02
3,846D+02
4.231D+02
4.615D+02
5.000D+02
5.385D+02
5.769D+02
6.154D+02
6.538D+02
6.923D+02
7.308D+02
7.692D+02
8.077D+02
8,462D+02
8.846D+02
9.231D+02
9.615D+02
1.000D+03

OIL CONC
(GM/CC)

1.145D-05 (SURFACE)
1.020D-05
9.083D-06
8.087D-06
7a197D-06
6.404D-06
5.695D-06
5.062D-06
4 . 4 9 6 0 - 0 6
3.990D-06
3.537D-06
3.131D-06
2.767D-06
2.439D-06
2.144D-06
1.877D-06
1.636D-06
1.416D-06
1.215D-06
1.030D-06
8.583D-07
6 . 9 8 4 0 - 0 7
5.478D-07
4 . 0 4 6 0 - 0 7
2 .66 ’70 -07
1.325D-07
0.0000+00 (BO’TTOM)

T O T A L  GRAMS OF OIL  D I S P E R S E D  I N T O  T H E  W A T E R  COLUMN = 3.166D-01

GRAMS OF FREE OIL DROPS IN THE WATER COLUMN = 3 0 4 5 9 0 - 0 3
GRAMS Ol? O I L  D R O P S  A T T A C H E D  T O  SPM = 2.843D-01
GRAMS OF FREE  OIL D R O P S  A T T A C H E D  T O  T H E  BOTTOM = 2.881D-02

TOTAL GRAIwfS OF OIL ACCOUNTED FOR IN THE CALCULATION = 3.166D-01
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Table 6-7

Observed Energy Dissipation  Rates

W(m) &(esgs/cm3/see) Rderesm

1
1-2
15
15
15
27
36
40
43
58
73
89
90
100
140

6.4 E-2
3.0 E-2
3.0 E-2
2,5 E-2
1.0 E-2
5.2 E-3
1.5 E-1
265 E-3
3.0 E-3
4.8 E-3
1.9 E-3
3.4 EA4
3.1 Ed
6.25 E-4
3.7 E-2

LiLS (1985)
Stewart & Grant ( 1962)
Stewart & Grant (1962)
Grant et al. (1968)
h (1985)
Gmnt et al. (1968)
Belyaev (1975)*
Liu (1985)
Grant et al. (1968)
Gmsst et al. (1968)
Gram et& (1968)
Grant et al. (196$)
Grant et al. (1968)
Liu (1985)
Belyaev (1975)*

*iss ILaj (1977)

em2,=c3 WW
= 104 w/kg water
= la’  w/cm3

Refemm
Kirsteits et al., “Gbsewed Energy Dissipauca Rates,” fntesins Repo~ fmtegradm of Suspnded Parnculate Maner amd Off Transpmation
Study,  submitwf  to MMS, Novmhcr 1,1985.

1 / 2 -1
a  k inemat ic  v iscosi ty  of  0 .01  cm2/sec yields (c/v) -lsec . The rate con-

s tant f o r  o i l  d r o p l e t  l o s s  w i t h  e x c e s s  S P M  a t  1 0 0  mg/L  t h e n  w i l l  b e  0 . 0 0 0 0 9 4

sec ‘ 1 ( d e c r e a s e d  b y  a  f a c t o r  o f  1 0  f r o m  t h e  p r e v i o u s  c a s e ) .  C a l c u l a t e d  r e s u l t s

for  th is  ra te  constant  a t  1 a n d  1 0  h r  a r e  p r e s e n t e d  i n  T a b l e s  6 - 8  t h r o u g h  6 - 1 0 .

Note t h a t  t h e  f r e e  o i l  d r o p l e t  c o n c e n t r a t i o n  p r o f i l e  w i t h  t h e  d e c r e a s e d  ac in

T a b l e  6 - 8  i s  g r e a t e r  t h a n  t h a t  i n  T a b l e  6 - 5 . T h e  r e a s o n  f o r  t h i s  d i f f e r e n c e  i s

t h a t  i n  t h e  c a s e  w i t h  a  s m a l l e r  o i l - l o s s - r a t e  c o n s t a n t ,  m o r e  o i l  r e m a i n s  i n  t h e

water column. Th is  i s  a lso  i l lus t ra ted  by  the  mass o f  o i l  a t tached to  SPM at  1

h o u r ; f o r  a c  = 0 . 0 0 0 9 4  t h e  o i l

a -  0 . 0 0 0 0 9 4  t h e  o i l  m a s sc
responding c a l c u l a t i o n  a t  1 0

pared wi th  Tab le  6-6 .

mass a t tached is  0 .0415 g  (Tab le  6-5)  wh i le  fo r

a t t a c h e d  i s 0 . 0 0 8 3 4  g  ( T a b l e  6 - 9 ) .  T h e  cor-

hr  i s  p resented in  Tab le  6-10 and is  to  be com-
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6 .2 CODE-USE DESCRIPTION: SPMONLY

T h e  m a t h e m a t i c a l  m o d e l wh ich  descr ibes  the  t ranspor t  o f  SPM wi th  a

f i r s t - o r d e r react ion loss is coded in BASIC and named SPMONLY.BAS. The mathe-

m a t i c s i s  d e s c r i b e d  i n  S e c t i o n  3 . 1 . 2 . This code should be run from a compiled

a n d  l i n k e d  e x e c u t a b l e  f i l e . The executab le  f i le  shou ld  be a  “s tand-a lone”  and

not  r e q u i r e  a  r u n - t i m e  l i b r a r y .

U p o n  r u n n i n g  SPMONLY by typing in the .EXE f i l e  n a m e ,  t h e  s c r e e n  w i l l

d i s p l a y a  p r o m p t a s k i n g t h e u s e r i f  t h e  p a r a m e t e r s  a r e  t o  b e  “ e d i t e d ”  o r

“entered. “ I t  i s  recommended that  the  user  enter  “ed i t ” because the parameters

s t o r e d i n  t h e  c o d e  a r e  i n  t h e  r a n g e  o f  i n t e r e s t  o f  e n v i r o n m e n t a l  a p p l i c a t i o n s .

A n y  o f the  d isp layed parameters  can be changed,  i .e .  ,  ed i ted ,  by  typ ing “yes”

i n  r e s p o n s e  t o  t h e  p r o m p t . Upon enter ing  “yes” the parameter  l ine  number  tha t

is  to  be changed is  entered. A f t e r  e a c h  e d i t  t h e  e n t i r e  p a r a m e t e r  l i s t  i s  d i s -

p l a y e d . T h e  c o d e  w i l l  c o n t i n u e  t o  e x e c u t e  o n l y  a f t e r  “ n o ”  i s  e n t e r e d  a t  t h e

parameter -change prompt  as  i l lus t ra ted in  Tab le  6-11.

Upon e n t e r i n g “no” the  prompt  w i l l  ask  the  user  i f  co tangent  va lues

from Abramowitz and Stegun are to be used, The Abramowitz  and Stegun cotangent

v a l u e s a r e  d o u b l e - p r e c i s i o n cotangent  va lues as  descr ibed in  the  Handbook o f

M a t h e m a t i c a l  F u n c t i o n s  ( M . Abramowitz  and I.A.  Stegun,  page 76) . The reason

t h i s cotangent  ca lcu la t ion  was used is  the  recogn i t ion  tha t  (some)  BASIC sof t -

ware  does not  have doub le-prec is ion  t r igonometr ic f u n c t i o n s , a n d  i n  t h e  e a r -

l y  s t a g e s  o f  c o d i n g , a n  e r r o r  l i m i t  o f  l e s s t h a n  1.DO-05  c o u l d  n o t  b e  a t t a i n e d

i n s o l v i n g  f o r  t h e  r o o t s  o f  t h e  t r a n s c e n d e n t a l  f u n c t i o n  (eigenfunction). Most

o f t h e t ime i t  w i l l  make no d i f fe rence i f  the  Abramowi tz  and Stegun co tangent

v a l u e s a re u s e d  o r  i f  t h e  s i n g l e - p r e c i s i o n  m a c h i n e  f u n c t i o n  i s  u s e d . For  the

example i l l u s t r a t e d  in  T a b l e  6 - 1 1 ,  “ n o ”  i s  e n t e r e d . The prompt  w i l l  then ask

f o r  a  t i m e  t o  c a l c u l a t e  t h e  S P M  c o n c e n t r a t i o n  p r o f i l e .

T h e  r e s u l t s o f  a  c a l c u l a t i o n  a r e  i l l u s t r a t e d  i n  T a b l e s  6 - 1 2  t h r o u g h

6-14. Table 6-12 provides documentat ion of the code name and version, an echo

o f t h e input  parameters , a n d  t h e  r o o t s  o f  t h e  t r a n s c e n d e n t a l  f u n c t i o n  (eigen-
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‘I’able 643. Printed Output of Problem Parameters From OILSPMXS.’5AS
(with ac =0.000094 see-~).

C O D E  NAfsfE  I S  OILSPMXS.BAS,  vERSION  OF 8-3-88  @ 0 7 1 8
RUN ‘TIME =  10:42:31, RUM DATE = 08-03-1988

THIS CODE SOLVES THE TRANSIENT ADVECTION-DISPER!310N  EQUATION FOR
OIL DROPLETS WITH FIRST-ORDER REACTION LOSS.

PROBLEM IDENTIF ICATION:  PRE-LOADED PARAHETER TEST CASE

OIL DROPLET RISE VELOCITY = .001  C14/SEC, DEPTH = 10 M E T E R S

TURBULENT DIFFUSIVITY  = 100  CM*C14/SEC

ERROR LIMIT  FOR THE ROOTS = 1 .0000-06

vx*L/(2*K)  = - 5 . 0 0 0 0 - 0 3  UNITLES9

THE 2 5  R O O T S  O F  F(BETA)  = BETA*COTANGENT(BETA)  + VX*L/(2*R)

ROOT
1.5680+00
4.711D+O0
7.8530+00
1.1000+01
1.414D+01
1.728D+01
2.042D+01
2.356D+OI
2.6700+01
2.9840+01
3.299D+01
3.613D+01
3.927D+Ol.
4.241D+01
4.5550+01
4.8690+01
5.1840+01
5.4980+01
S.8120+01
6.126D+01
6.4400+01
6.7540+01
7.069D+OX
?.38J3D+01
7.697D+OI

F ( BETA )
-4.lllD-07

3 . 8 3 1 0 - 0 7
- 7 . 3 6 2 0 - 0 8
-20266D-08

4.998D-07
30937D-07

-4.653D-07
-8.318D-08

2 . 9 3 9 0 - 0 7
3 . 7 3 9 0 - 0 7
1.577D-07

-5.745D-07
3.1OID-O7

-7.179D-07
6 . 8 0 1 0 - 0 7

- 9 . 3 7 1 0 - 0 7
5.5861)-08
6 . 8 0 8 0 - 0 7
7.541P-07
5.503D-0~
2 . 0 1 S 0 - 0 7

-9.391D-07
- 5 . 7 6 5 0 - 0 8

9 . 7 0 8 0 - 0 7
- 6 . 1 1 4 0 - 0 7

ERROR CODE
1
1

i
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

EXPONENTIAL FLUX T8R14 = 4.600D-05  l / S E C

I N I T I A L  O I L  F L U X  =  1 . 8 0 0 0 - 0 5  GRA14S\(ClIt*CM*SEC)

FIRST ORDER DXSAPPEARANCS RATE CONSTANT’, liSEC = 9.400D”05  l/sEc

ZETA-BAR IS REAL (  <> VX\(2*K)  ) A N D  E Q U A L  TO 6.9280-04 l/C14  (IZBAR = 1)
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Table 6-9. Calculated Oil-Droplet Concentration Profile at 1 Hour From
OILSPIWXS.BAS  (with ac =0.000094  s-l).

C O D E  NAME IS  OILSPMXS.BAS,  V E R S I O N  O F  8 - 3 - 8 8  @ 0 7 1 8
RUN TIME = 10:42:31,  RUN DATE = 08-03-1988

~ALcuLATED  RESULTS  *****************  ***X************

C O N C E N T R A T I O N  P R O F I L E  (GM/CC)  FC)R TIME  = 1.0000+00  HOURS
DIMENSIONLESS TIME, K*T/L**2  = 3 . 6 0 0 0 - 0 1

DEPTH
(CM)

0.0000+00
3.846D+01
7.692D+01
1.154D+02
1.5380+02
1.923D+02
2.3080+02
2.6920+02
3.0770+02
3.462D+02
3.8460+02
4.231D+02
4,615D+02
5.000D+02
5.385D+02
5.7690+02
6.1540+02
6.5380+02
6.923D+02
7.3080+02
7.6920+02
8,077D+02
8,462D+02
8.846D+02
9.231D+02
9.6150+02
1.0000+03

OIL CONC
( GM/CC)

9 . 6 4 7 0 - 0 5 (SURFACE)
9 . 0 6 8 0 - 0 5
8 . 5 1 2 0 - 0 5
7 . 9 7 7 0 - 0 5
7 . 4 6 3 0 - 0 5
6 . 9 7 0 0 - 0 5
6.498D-05
6 . 0 4 4 0 - 0 5
5.610D-05
5 . 1 9 3 0 - 0 5
4 . 7 9 4 0 - 0 5
4 . 4 1 1 0 - 0 5
4 . 0 4 4 0 - 0 5
3 . 6 9 1 0 - 0 5
3.353D-05
3.027D-05
2 . 7 1 3 0 - 0 5
2.410D-05
2 . 1 1 7 0 - 0 5
1 . 8 3 2 0 - 0 5
1 . 5 5 6 0 - 0 5
1 . 2 8 6 0 - 0 5
1 . 0 2 2 0 - 0 5
7.625D-06
5 . 0 6 3 0 - 0 6
2 . 5 2 6 0 - 0 6
0.0000+00 (BOTTOt4)

TOTAL GRAMS OV OIL  DISPERSED INTO THE WATER COLUMN = 5.972D-02

GRAtlS OF FREE OIL DROPS IN THE WATER C O L U M N  = 4 . 0 7 3 0 - 0 2
GRAt4S OF OIL  DROPS ATTACHED TO SP14 = 8.342D-03
CRAMS OF FREE OIL  DROPS ATTACHED TO THE BOTTOM = 1.064D-02

TOTAL GRAMS OF OIL ACCOUNTED FOR IN THE CALCULATION = 5.972D-02
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Table 6-10. Calculated Oil-Droplet Concentration Profile at 10 Hours l?rom
OILSPIWXS.BAS  (with. ac =0.000094 see-l).

C O D E  NAME IS CIILSPMXS.EIAS,  V E R S I O N  OF 8 - 3 - 8 8  @ 0 7 1 8
RUN TIME = 10:42:31,  RUN D A T E  =  0 8 - 0 3 - 1 9 8 8

C A L C U L A T E D  R E S U L T S  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

CONCENTRATICIN PROFILE  (G14/CC) FOR TI14E = I.000D+O1  HOURS
DIMENSIONLESS TIME, K*T/L**2  = 3,600D+O(3

DEPTH
(CM)

0.000r)+oo
3,846D+01
‘7.692D+01
1.1540+02
1.538D+02
1.923i3+02
2..3otlD+o2
2.6920+02
3.0’770+02
3.462D+02
3.846D+02
4.2.31D+02
4.615D+02
5.0000+02
5.385D+02
5.7690+02
6.154D+02
6.538D+02
6.92311+02
7.3080+02
7.6920+02
8.077D+02
8.462D+02
8.8460+02
9.231D+02
9.6150+02
1.0000+03

O I L  CONC
( Gwcc  )

2.988D-05 (SURFACE)
2.855D--O5
2.725D-0!5
2.597D--O5
2.471D-05
2.346D-05
2 . 2 2 4 0 - 0 5
2 .102D-O5
lo983D-05
1.865D-o!5
1.748D-05
1.632D-=05
1.518D-Q5
1.405r)-05
1 . 2 9 3 0 - 0 5
1.182t)-05
1.071D-05
9.619D-06
8.531D-06
7.450D--O6
6 . 3 7 5 0 - 0 6
5.305D-06
4.238D-06
3o175i3-06
2.1150-06
I*057D-06
0.000D+OO (BOTTOM)

TOTAL GRAM CM? OIL  DISPERSED XN’N3 THE WATER COLUMN = 3.166D-01

GRAMS OF’ FREE OIL  DROPS IN  THE WATER COLUMN = 1.434D-02
G R A M S  OF OIL  DROPS A T T A C H E D  T O  SPM = 1 . 0 2 8 0 - 0 1
GRAMS OF FREE OIL  DROPS ATTACHED TO THE BOTTOt4 = 1.995D-01

TOTAL GRAMS OF OIL ACCOUNTED FOR IN  ‘THE CALCULATION = 3.166D-131
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Table 6-11. Screen Display of Parameter List for SPMONLY.BAS.

SUSPENOED-part iculate-~ATTER (sPM) CALCULATION
CODE NAME IS sPMONLY.BAs, V E R S I O N  O F  8 - 4 - 8 8  @ ()?qb

1 .
2.
3.
4.
5.
6.
7 .
8 .
9 .
Lo.

T E R M I N A L  V E L O C I T Y ,  CM\SEC  = ● 001
T U R B U L E N T  DIFFUSIVITY,  CM*CM/SEC  = 1 0 0
DEPTHP  METERS =  10
NUMBER OF ROOTS = 25
ROOT ERROR LIMIT = 1 . 0 0 0 0 - 0 6
SPM-LOSS  RATE CONSTANT, l /SEC = 9 . 4 0 0 0 - 0 7
F L U X  R A T E ,  GM/SEC*CM*CM  = 4.600D-05
DEPOSIT ION RATE,  C M / S E C  = 4.600D-02
NUMBER OF DEPTH VALUES = 49
PRINT THE ROOTS? YES

WANT TO CHANGE ANY? N

DO YOU WANT ABRAt40WITZ  & STEGUN COTANGENT VALUES? NO

ENTER THE TIME IN HOURS ? 1.

TIME  ENTERED IS  1.0000+00

1S THIS CORRECT 7 yes

f u n c t i o n ) . The code name and version are printed as a header on each page of

o u t p u t t o  p r o v i d e  a means of documenting results. T h e s e  t w o  i d e n t i f i c a t i o n

i tems a re coded in to  t h e  s o u r c e  t h r o u g h  c h a r a c t e r  s t r i n g s ,  a n d  a n y  u s e r  t h a t

changes the  code is  urged to  make these changes a lso  ( in  the  f i rs t  few l ines  o f

t h e  s o u r c e ) .

Tab les  6-13 and 6-14 i l lus t ra te  the  ca lcu la ted  SPM pro f i les  a t  1 and 6

h r , r e s p e c t i v e l y . At 1 hr  the  SPM concent ra t ion  var ies  f rom 7 .7  x  10 -5
g / c m3

( 7 7  p p m )  at  t h e  s u r f a c e  t o  2 . 5  x  1 0 -4  g/cm3 (250 ppm)  a t  the  bot tom,  wh i le  a t  6

hr  the SPM at the surface is 5.4 x 10 -4
g/cm3  (540 ppm) and a t  the  bot tom 6.3  x

1 0 -4 g / c m3 (630 ppm), N o t e  t h a t  t h e  S P M  p r o f i l e  i s  “ f l a t t e n i n g  o u t ”  a t  6  h r ,

i . e . , the  water  co lumn SPM concent ra t ion  is  approach ing a  s teady s ta te  and is

e x p e c t e d  t o  b e  “ f l a t ” ,
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TIMe 6-12. l?rintecl Output From SPMONLY Documenting Problem
Parameters.

:00S NAME  rs sPFIONLY.  BAS, VERSION OF 6-4-88  @ 0746
RUN TIME = 08:12:02,  RUN DATE = 08-04-1988

THIS CODE SOLVES THE I-D  TRANSIENT AJ3VECTXON-C)ISPERSION EQUATION FOR sp~
(ANALYTICAL SOLUTIONI WITH FIRST-ORDER REACTION LOSS.

TERMINAL VELOCITY = 1.000D-03  C14\SEC, DEPTH = 10.0  METERS

TURBULENT OIFFUSIVITY  = 1 0 0 . 0  cM*a4/sEc

FLUX RATE FRO14 THE BOTTOM = 4.600D-OS  CW/SEC*C14*CM

DEPOSITION RATE = 4.600D-02  C14/SEC!

E R R O R  LIMIT  FOR THE ROOT9 = L.000D-06

A  =  vx/(2*R)  = 5.000D-06  1./cl4

ROOTS CALCULATED USING MACHINE FUNCTIONS.

THE 25 ROOT9 OF

ROOT
6.319Q-01
3.281D+130
6.355D+O0
9.473D+O0
L.260D+OI
1.574D+OI
1.887D+01
2.201D+OI
2.515D+OL
2.$29D+OI
3.14312+OL
3.457D+OI
3.771D+01
4.085D+OI
4.399D+OI
4.7%3D+OI
5.027i3+Ol
5.342D+OI
5.656D+OX
549700+0%
6.2841J+Ol
6.598D+01
6.912D+03,
7.226D+OI
7.540D+01

F(BETA)  =BETA*COTANGENT(BETAI-K*(  (A*L)”2-A*KS*L+13ETA”2)/(KS*L)

F ( BETA ) ERROR CODE
1.685D-07 1
9.872D-07 1

-6.364D-07 1
-1.659D-07 1
-8.777D-07 1
-3.807D-07 1

4.496D-07 1
6.45013-07 1

-7.795!3-07 1
-4.485i3-08 1
-6.668D-07 1.

9.e4113-07 1
1.799D-07 1
5*034D-07 1
6 . 8 1 8 0 - 0 7 1,

-9.496D-07 1
-3.!5620-07
-90183D-=07 :
- 4 . 5 4 2 0 - 0 7 ‘1
-8.393D-07 1
-6.!561D-07 1

7,97!$D-07 1
-9.4990-o13 1

!3.386Q-07 1
3.503D-07 1

INIT IAL SPt4 FLUX = 4.600D-05  GRA?fS/(Ct4*Ct4*SEC)

FIRST-ORDER SPH DISAPPEARANCE RATE CONSTANT, liSEC = 9.40013-07 l /SEC
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‘I’able 6-13. Printed Output From SPMONLY, SPM Profile at 1 Hour.

ZCIDE NAM IS SPtfONLY. BAS, ‘JERSION  O F  9 - 4 - 0 8  @ 0 7 4 6
R U N  TIME  Y 08:12:02, RUN DATE = 08-04-1988

CONCENTRATION PROFILES AT TI14E = 1.0000+00  HOURS 9**,*******************

DEPTH
cm

0.0000+00
2.083D+OI.
4.1670+01
6.250D+01
8.333D+01
1.0420+02
L.250D+02
L.458D+02
1.6670+02
1.8750+02
2.0830+02
2.2920+02
2.5000+02
2.7080+02
2.917D+02
3.12513+02
3.3330+02
3.542D+02
3.7500+02
3.9580+02
4.1670+02
4.375D+02
4.583D+02
4.792D+02
5.000D+02
5.2000+02
5.417D+02
5.6250+02
5.8330+02
6.0420+02
6.2500+02
6.4580+02
6.6670+02
6.8750+02
7.0630+02
7.2920+02
7.500D+02
7.7080+02
7.9L7D+02
0.12s0+02
8.3330+02
8.5420+02
8.7SOD+02
8.9S80+02
9.1670+02
9.37S0+02
9.503D+02
9.7920+02
1.0000+03

SPF4 CoNC.
Gn/c14**3

7.7720-05 (SURFACE)
7.7810-0S
7 . 8 0 5 0 - 0 5
7.845D-OS
7.899D-OS
7 . 9 6 0 0 - 0 5
8 . 0 5 3 0 - 0 5
0 . 1 5 2 0 - 0 5
8.267D-05
0 . 3 9 7 0 - 0 S
0 . 5 4 2 0 - 0 5
8.702D-OS
8.a77Q-05
9 . 0 6 7 0 - 0 5
9 . 2 7 3 0 - 0 5
9 . 4 9 3 0 - 0 S
9 . 7 2 9 0 - 0 5
9 . 9 8 0 0 - 0 s
L.025D-04
1.0S3D-04
1 . 0 8 3 0 - 0 4
1 . 1 1 4 0 - 0 4
1 . 1 4 6 0 - 0 4
1 . 1 8 1 0 - 0 4
1 . 2 1 7 0 - 0 4
L.254D-04
1 . 2 9 3 0 - 0 4
1.333D-04
1 . 3 7 S 0 - 0 4
1 . 4 1 8 0 - 0 4
1 . 4 6 3 0 - 0 4
1 . 5 1 0 0 - 0 4
1.SS80-04
1 . 6 0 7 0 - 0 4
1 . 6 5 8 0 - 0 4
1 . 7 1 1 0 - 0 4
1 . 7 6 5 0 - 0 4
1.820D-04
1 . 8 7 7 0 - 0 4
1 . 9 3 6 0 - 0 4
1.996D-04
2 . 0 5 7 0 - 0 4
2.120D-04
2 . 1 8 4 0 - 0 4
2 . 2 5 0 0 - 0 4
2.3L7D-04
2 . 3 8 6 0 - 0 4
2.496D-04
2 . 5 2 7 0 - 0 4  (BOTTOH)

C R A P I S  0? 9??4 (UIIATTACHCD)  IN THX WATER COLUMN ● 1 . 3 6 2 0 - 0 1
GRAM 0? 9PM ATTACWD  TO OIL = 2.39S0-04

G R A M  OF 9PM [N WATER t ATTACHED = 1 . 3 6 5 0 - 0 1

GRAMS 0 ?  SPH  FROM  THE BOTTO14  (FROH  VX*C-K*DC/DX)  =  1 . 3 6 5 0 - 0 1
GRA14S  OF 9P14  FRO14  THE BOTTO14  (FROM -FO+K9*C)  = 1 . 3 6 S 0 - 0 1
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‘l?able 6-14. Printed Output From SPMONLY, SPM Profile at 6 Hours.

C9CE  !4AMIS  IS SPUQNLY.  BAS,  VERSION O F  8-4-08  @ 0746
2L’N TIME  ~ 08:12:02, 2UN D A T E  =  0 8 - 0 4 - 1 3 8 8

CONCENTRATION PROFILES AT TIME = 6.000D+OO  HOURS ● **s**a************~**@

DEPTH
CM

0.000D+OO
2.0830+01
4.1670+01
6.2500+01
8.3330+01
1.042D+02
L.250D+02
1.4560+02
1.667D+02
1.87SD+02
2.0830+02
2.292D+02
2.5000+02
2.7080+02
2.917D+02
3.125D+02
3.3330+02
3.542D+02
3.7500+02
3.9580+02
4.1670+02
4.3750+02
4.5830+02
4.7920+02
5.0000+02
5.208D+02
5.4170+02
5.625D+02
5.8330+02
6,042D+02
6.2500+02
6.450D+02
6.6670+02
6.8750+02
7.083D+02
7.2920+02
7.5000+02
7,708D+02
7.917D+02
8.12s0+02
8.333D+02
8.5420+02
8.7500+02
$.9580+02
9.L67Q+02
9.37SD+02
9.5830+02
9.7920+02
L.000Q+03

SPH CONC.
Gt4/CH*f13

5.3950-04 (SURFACE)
5.397D-04
5.399D-04
5.402D-04
5 , 4 0 6 0 - 0 4
5.41m-04
5,4L60-04
5.422D-04
5 . 4 2 9 0 - 0 4
5.4370-=04
5 . 4 4 5 0 - 0 4
5.4550’ -04
5.46513-04
5.476D-04
5.487D-04
5.500D-04
5 . 5 1 3 0 - 0 4
5 . 5 2 7 0 - 0 4
5.541Q-04
5.557D-04
5,573D-04
5.590D-04
S . 6 0 8 0 - 0 4
5.626D-04
5 . 6 4 5 0 - 0 4
5 . 6 6 5 0 - 0 4
5.68663-04
5.708D-04
5 . 7 3 0 0 - 0 4
5.753D-04
5.776D-04
5.801D-04
5.826D-04
5.852D-04
5.879D-04
!3.906D-04
!5.934D-04
5.963D-04
5.992D-04
6.022D-04
6.053D-04
6.08SD-04
6.119D-04
6..l5OD-O4
6 . 1 8 3 0 - 0 4
6.217D-04
6 . 2 5 2 0 - 0 4
6 . 2 8 8 0 - 0 4
6 . 3 2 4 0 - 0 4 BOTTOM )

GRAH9  0? 9PM ( U N A T T A C H E D )  IN THB WATER  COLUNN = S.717D-01
GRAHS OF SPU ATTACHEI) T O  O I L  w 6.677D-03

GRAMS  O F  9PPl I N  WATE~  + ATTACHllD  = 5.784D-01

GRAHS OF SPM F R O M  THE BOTTOM  ( F R O M  VX~C-K*DC/DX]  m 5.784D-01
G R A M  O F  SPM F R O H  THE 80TTOH  (FROM  -FO+KS*C)  = 5.784D-01
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A to ta l  mater ia l  ba lance fo r  the  SPM is  pr in ted be low each concent ra-

t i o n  p r o f i l e . SPM can reside in the  water column or be removed from the water

column t h r o u g h r e a c t i o n w i t h  o i l . These two masses must sum to the SPM mass

p u t i n t o the w a t e r column at the bottom. T h i s  i s  i l l u s t r a t e d  i n  T a b l e  6 - 1 3

w h e r e  0 . 1 3 6 2  g a r e in  the  water  co lumn and 0 .000239 are  a t tached to  o i l  (by

react ion)  . Thes e two masses sum to 0.1365 g, which is equal to the SPM mass

( f l u x e d )  p u t  i n t o the water  a t  the  bot tom by -Fo+ksC  or  the  mass f luxed ~

f r o m  t h e  b o t t o m  b y  vxC-k(dC/dx). S i m i l a r  r e s u l t s  a r e  i l l u s t r a t e d  i n  T a b l e

6-14.

6 .3 CODE-USE DESCRIPTION: OILSPM3

The mathemat ica l  mode l  wh ich  descr ibes  the  in te rac t ion  o f  o i l  d rop le ts

w i t h  S P M  ( n o t  r e q u i r e d  t o  b e  i n  e x c e s s ) i s  c o d e d  i n  B A S I C  a n d  n a m e d

OILSPM3.BAS.  T h e ,,3 It in  the  code name per ta ins  to  the  fac t  tha t  th is  mode l

c a l c u l a t e s t h r e e c h a n g i n g  c o n c e n t r a t i o n  p r o f i l e s : o i l  d rop le ts ,  SPM and oil-

SPM agglomerate. The mathemat ics  are  descr ibed in  Sect ion  3 .1 .3 .  Th is  code

m u s t  b e  r u n  f r o m  a  c o m p i l e d  a n d  l i n k e d  e x e c u t a b l e  f i l e .  T h e  e x e c u t a b l e  f i l e

shou ld  be a  “s tand-a lone” a n d  n o t  r e q u i r e  a  r u n - t i m e  l i b r a r y .

Upon r u n n i n g  OILSPM3 b y  t y p i n g  t h e  .EXE f i l e  n a m e ,  t h e  s c r e e n  will

d i s p l a y a  p r o m p t a s k i n g t h e  u s e r i f  t h e  p a r a m e t e r s  a r e  t o  b e  “ e d i t e d ”  o r

“ e n t e r e d ” . I t  i s  recommended tha t  the u s e r  e n t e r “ed i t ”  because the parameters

s t o r e d i n  t h e  c o d e  a r e  i n  t h e  r a n g e  o f  i n t e r e s t  o f  e n v i r o n m e n t a l  a p p l i c a t i o n s .

A n y  o f the  d isp layed parameters  can be changed,  i .e . ,  ed i ted ,  by  typ ing “yes”

in  response to  the  prompt .  Upon enter ing  “yes” , the  parameter  l ine  number  tha t

is  to  be changed is  entered. A f t e r  e a c h  e d i t  t h e  e n t i r e  p a r a m e t e r  l i s t  i s  d i s -

p l a y e d . T h e  c o d e  w i l l  c o n t i n u e  t o  e x e c u t e  o n l y  a f t e r  “ n o ”  i s  e n t e r e d  a t  t h e

p a r a m e t e r - c h a n g e  p r o m p t  a s i l l u s t r a t e d  i n  T a b l e s  6 - 1 5 a  a n d  6-15b. These two

t a b l e s i l l u s t r a t e t h e  p a r a m e t e r  i n p u t  l i s t  f o r  01LSPM3. T a b l e  6 - 1 5 a  i l l u s -

t ra tes  main ly  o i l - re la ted opt ions  and in tegra t ion  parameters  such as  the  number

o f  g r i d  p o i n t s . S i n c e  01LSPM3 i s  a  n u m e r i c a l  i n t e g r a t i o n  c o d e ,  i t  i s  n o t  p o s -

sible just to enter a “ t i m e r ’  a n d  t h e n  c a l c u l a t e  t h e  c o n c e n t r a t i o n  p r o f i l e s .

T h e  c o d e  must  i n t e g r a t e  u p  t o  a  s p e c i f i e d  t i m e  f r o m  a n  i n i t i a l  c o n d i t i o n .  T h e
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Table 6-15a. First (of two) Screen Display of Parameters to be Used in
Calculation, with a Final User Response of “no”, From
01LSPM3.

l~~ERAC’1’lNG  OIL  DROPLE’l?S AND 3PM C A L C U L A T I O N
C O D E  NAME IS  01LSP!43.BAS,  V E R S I O N  OF 8-9-88  @ 0 6 4 3

1.. T U R B U L E N T  DIFFUSIVITYe  CBf~CM/SEC = 1*OOD+02
?-. O IL  RISING  V E L O C I T Y ,  CM/SEC  = 1.00D-02
3. OIL-SP?4  RATE C O N S T A N T  FOR OIL L13S~, CC/(G14~SEC)  = 9.40D-02
4. OCEAN DEPTH, METERS = 1.00D+OI
5. NUMBER OF G R I D  POINTS  =  49
0. I N I T I A L  OIL-DISPERSOM  FLUX SZERO,  GRAMS/’(C%fxCBf~SEC) = 1.80D-05
7 . OIL-DISPERSON  G A M M A ,  l/SEC  = 4.60D-05
8 . MAXIMUM TIME,  HOURS = 10.00
9 . P R I N T  I.NTERVALg  HOURS =  0 . 5 0 0
10. USE STEADY-STATE O IL  PROFILE  TO START:  NO
11. COUPLE THE CONCENTRATIONS: YES
12.  COUPLING ITERATIONS = 3

WANT TO CHANGE ANY? no

Table 6-15b. Second Screen Display of Parameters to be Used in Calculi-
tion, with aFinal User Response of ’’no”, From 01LSPM3.

l@4’TERACTiNCl OIL  DROPL~TS AND 5PM C A L C U L A T I O N
C O D E  NAME IS 01LSPM3.BAS,  V E R S I O N  O F  8 - 9 - 8 8  Q 0 6 4 3

i . SPtl  SETTLING VELOCITY, CMISEC  = 1.00D-03
>“ . OIL-SPt+l  AGGLOMERATE SETTLING VELOCITY, C?4/SEC = 1..00D-O3
1. OIL-Sl?M  RATE CONSTANT FOR SPM LOSS,  CC/(GMxSEC)  = 9.40D-02
4. SPM SOURCE FLUX TERM, GM/(CM”2*SEC)  = 4.60D-05
5 . SPt4 DEPOSITION RATE CONSTANT, CM/SEC = 4.60D-02
6. USE  STEADY-STATE SPM PROFILE TO START: YES

WANT TO CHANGE ANY? no

TIME FOR UNITY DIMENSIONLESS TIhfEe  HOURS = 2.81.4D-01

THE TIME STEP WILL  BE THE ABOVE TIME DIVIDED BY 2 0 . 0 0 0

IS  T H I S  A C C E P T A B L E ?  y e s
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i n i t i a l  c o n d i t i o n  r e c o m m e n d e d  f o r  o i l  i n  t h e  w a t e r  c o l u m n  i s  z e r o ,  i . e .  ,  oil  is

s p i l l e d  a t time = O, and th is  cond i t ion  is  imp lemented by  l ine  10  in  Tab le

6-15a, where a “no” is  entered to  the  prompt : USE STEADY-STATE OIL PROFILE TO

START .

T h i s  o p t i o n  e x i s t s  f o r  m a t e r i a l - b a l a n c e  t e s t i n g  c a l c u l a t i o n s  o n l y ,  a n d

t h e  u s e r s h o u l d  always make sure t h a t  l i n e 1 0  h a s  a  r e s p o n s e  o f  “ n o . ”

M a t e r i a l - b a l a n c e  t e s t i n g  i s  used to  make sure  the  code ca lcu la t ion  accounts  fo r

a l l t h e  m a s s e s  i n t h e  w a t e r , w h i c h  i s  d i f f i c u l t  i n  n u m e r i c a l  i n t e g r a t i o n s

b e c a u s e  m a s s  t r a n s f e r  c h a n g e s  r a p i d l y  i n  t h e  i n i t i a l  s t a g e s  o f  t h e  c a l c u l a t i o n ,

i . e . , t h e  p r o f i l e s a r e  q u i t e  s t e e p  i n  t h e  e a r l y  s t a g e s  o f  c a l c u l a t i o n .

However, i-f  a “smooth” p r o f i l e , such as a s t e a d y - s t a t e  p r o f i l e ,  i.s used

i n i t i a l l y , t h e  e a r l y  i n t e g r a t i o n  e r r o r s  d o  n o t  e x i s t ;  a n d  f o r  p u r p o s e s  o f  f i n d -

ing  programming er rors  the  ca lcu la ted resu l ts  are  much eas ier  to  in terpre t .

T a b l e  6-15b  i l l u s t r a t e s main ly  SPM and oil/SPM  agg lomerate  re la ted

p a r a m e t e r s  a n d the se lec t ion  o f  the  max imum a l lowab le  t ime s tep  to  be  used in

t h e  Crank-Nicolson  i n t e g r a t i o n . N o t e  t h a t  l i n e  6  i n  t h i s  t a b l e  s p e c i f i e s  t h a t

a s t e a d y - s t a t e  S P M  p r o f i l e  i s  u s e d  t o  s t a r t  t h e  c a l c u l a t i o n . In  o ther  words,

o i l  i s  s p i l l e d  i n  w a t e r  t h a t  h a s  s e d i m e n t . The d imens ion less  t ime re fer red  to

in this table is used as a gauge to select a maximum t ime step. Experience has

r e s u l t e d i n  s e l e c t i n g a t ime s tep on the  order  o f  1 /20  o f  th is  d imens ion less

time . I t  i s  recommended that  a t  leas t  20  be entered,  bu t  i f  a  la rger  number  is

e n t e r e d , compute  t ime w i l l  inc rease accord ing ly .

The code execute  t ime is on the order of many minutes on a 80286-based

p e r s o n a l  c o m p u t e r , I f  an  o lder  8088-based mach ine is  used,  expect  one-ha l f

h o u r  o r  l o n g e r . T h e  i n i t i a l  o u t p u t  i s  i l l u s t r a t e d  i n  T a b l e  6 - 1 6  w h e r e  t h e  c o d e

v e r s i o n  i s documented and t h e  i n p u t  p a r a m e t e r s  f o r  t h e  c a l c u l a t i o n  a r e  a l s o

documented.

Tab le  6-17a presents  the  ca lcu la ted o i l  d rop le t ,  SPM,  and oil/SPM  c o n -

c e n t r a t i o n p r o f i l e s at 0.5 hr, a n d  T a b l e  6-17b  p r e s e n t s  t h e  t o t a l  m a t e r i a l

b a l a n c e  f o r  t h e s e s p e c i e s . T h e  S P M  c o n c e n t r a t i o n  p r o f i l e  is  close to 0.001

g / c m3 b e c a u s e  o f the  va lues  se lec ted fo r  the  SPM source f lux  [a t  4 .6  x  10 -5
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Table 6-16. Initial Output of Problem Parameters for 01LSPM3.

TINITE-DIFFERENCE SOLUTION FOR INTERACTING OIL DROPLETS AND SPM.

C O D E  NAME IS 01LSPM3.BAS,  VERSION IS 8-9-88  Q 0643
RUN TIME WAS 06:42:48,  AND RUN DATE WAS 08-09-1988

PROELE14 PARAMETERS ARE AS FOLLOWS:

VER’TICAL  TWRBULENT  DIFFUSIVITY,  C21*C14/SIIC  = 100.00
WATER DEPTH,  METERS = 1 0 . 0

O I L  R I S I N G  V E L O C I T Y ,  C14/SEC  = 1.00D-O’2
OIL-SPH  RATE CONSTANT FOR OIL LOSS, CC/(G14*SEC)  = 9.400D-02
OIL DISPERSION RATE, G14/(C14*Cl’f*SEC)  = (0.18D-04)  *EXP((-O.46D-04  )*SECONDS)

SPM SETTLING VELOCITY, Ct4iSEC = 1 . 0 0 0 - 0 3
OIL-SPM  RATE C O N S T A N T  F O R  SP!4 LOSS, CC/(GM*SEC)  = 9.40D-02
SP14 BOTTOM SOURCE FLUX,  f3M/(cM”2*SEC)  = 4.60D-05
SPff  DEPOSITION RATE CONSTANT,  CWSEC = 4 . 6 0 0 - 0 2

OIL-SP14  AGGLOMERATE SETTLING VELCICITY~  CBVSEC  = 1.000-03

TIME STEP, HOURS = 5.62D-03,  I N T E G R A T I O N  TIME,  HOURS = 10s00
S P E C I F I E D  P R I N T  I N T E R V A L ,  HOURS “ 0.500

THE I N I T I A L  O I L  W A T E R - C O L U M N  L O A D I N G ,  GRAMS a 0.000D+OO
THE IN IT IAL  SPM WATER-COLUMN L O A D I N G ,  GRAMS = 9 . 9 5 0 0 - 0 1

.,,
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Table 6-17a. Calculated Oil-Droplet SPM and Oil-SPM Agglomerate Profiles
at 0.5 Hour From 01LSPM3.

7:YITE-DIFFERE!fCE  SOLb’TiSN  FCR 1!lTERACTI!4G OIL ~ROPLETS AND SPM.

C-NARE  [~ 3[LS?H3.BAS, ‘7ERS[ON  [: 8 - 9 - 8 8  @ 0 6 4 3
2UN T;?!E W A S  06:42:48, A N D  R U N  OATE  WAS 08-09-1988

:2NC~NTRATION  PROFILES AT TIUE = 0.500 HOURS

OEPTH
(CM)

2.0000+00
2.083D+01
4.1670+01
6.250D+01
8.3330+01
L.042D+02
1.250D+02
1.458D+02
1.667D+02
1.8750+02
2.0830+02
2.292D+02
2.5000+02
2.7080+02
2.9170+02
3.125D+02
3.3330+02
3.542D+02
3.750D+02
3.9580+02
4.1670+02
4.3750+02
4.5830+02
4.7920+02
5.0000+02
5.208Q+02
5.417D+02
5.6250+02
5.833D+02
6.0420+02
6.250D+02
6.4S80+02
6.667D+02
6.875D+02
7.083D+02
7.292D+02
7.5000+02
7.7080+02
7.9170+02
8.12SD+02
8,J33D+02
8.542D+02
8.7S00+02
8.95BD+02
9.1670+02
9.175D+02
3.5830+02
9.7920+02
1,0000+03

OIL CONC
( GM/cc 1

7.832D-05
7.476D-05
7 . 1 3 1 0 - 0 5
6 . 7 9 8 0 - 0 5
6 . 4 7 6 0 - 0 5
6 . 1 6 4 0 - 0 S
S . 8 6 4 0 - 0 5
‘3.574D-05
5.294D-05
5.025D-05
4 . 7 6 5 0 - 0 5
4.516D-05
4.276D-05
4 . 0 4 5 0 - 0 S
3.824D-05
3 . 6 1 2 0 - 0 5
3 . 4 0 8 0 - 0 5
3 . 2 1 3 0 - 0 5
3.027D-05
2.848D-05
2 . 6 7 7 0 - 0 5
2.514D-05
2.3S8D-05
2.21OD-O5
2.068D-05
1.932D-05
1 . 8 0 3 0 - 0 5
1 . 6 8 0 0 - 0 s
1 . 5 6 2 0 - 0 5
L.45013-OS
1 . 3 4 3 0 - 0 S
1 . 2 4 1 0 - 0 9
1.144D-05
1 . 0 5 1 0 - 0 S
9.622D-06
8.773D-06
7,959D-06
7 . 1 7 8 0 - 0 6
6,428D-06
5 , 7 0 5 0 - 0 6
5 . 0 0 7 0 - 0 6
4 . 3 3 1 0 - 0 6
3 . 6 7 4 0 - 0 6
3 . 0 3 5 0 - 0 6
2.41OD-O6
1.797D-06
1 . 1 9 2 0 - 0 6
5.942D-07
0.0000+00

SPF4  CONC
(Gt4/cc)

9.856D-04
9.858D-04
9 . 8 6 0 0 - 0 4
9 . 8 6 3 0 - 0 4
9 . 0 6 5 0 - 0 4
9 . 8 6 8 0 - 0 4
9.071D-04
9 . 8 7 4 0 - 0 4
9.877D-04
9.880D-04
9 . 8 8 3 0 - 0 4
9 . 8 8 6 0 - 0 4
9 . 8 8 9 0 - 0 4
9 . 8 9 2 0 - 0 4
9 . 8 9 5 0 - 0 4
9.899D-04
9 . 9 0 2 0 - 0 4
9 . 9 0 5 0 - 0 4
9 . 9 0 8 0 - 0 4
9.911D-04
9.9L5D-04
9 . 9 1 0 0 - 0 4
9.921D-04
9 . 9 2 4 0 - 0 4
9 . 9 2 8 0 - 0 4
9,931D-04
9 . 9 3 4 0 - 0 4
9 . 9 3 7 0 - 0 4
9 . 9 4 0 0 - 0 4
9 . 9 4 3 0 - 0 4
9 . 9 4 6 0 - 0 4
9 . 9 4 9 0 - 0 4
9 . 9 S 2 0 - 0 4
9 . 9 5 5 0 - 0 4
9 . 9 s 7 0 - 0 4
9 . 9 6 0 0 - 0 4
9 . 9 6 3 0 - 0 4
9 . 9 6 6 0 - 0 4
9.968D-04
9 . 9 7 1 0 - 0 4
9 , 9 7 4 0 - 0 4
9 . 9 7 6 0 - 0 4
9 . 9 7 9 0 - 0 4
9.981D-04
9 . 9 8 3 0 - 0 4
9 . 9 8 6 0 - 0 4
9 . 9 8 8 0 - 0 4
9 . 9 9 0 0 - 0 4
9 . 9 9 2 0 - 0 4

● ☛✟☛☛☛☛☛☛☛☛☛☛☛☛☛☛ ● S********

OIL-SP14  CONC
( G14/cc )

8 . 8 0 7 0 - 0 6 (SURFACE)
8,792D-06
8.747D-06
8 . 6 7 5 0 - 0 6
8 . 5 7 8 0 - 0 6
8.459D-06
8 . 3 2 0 0 - 0 6
8.163D-06
7 . 9 9 0 0 - 0 6
1 . 8 0 3 0 - 0 6
7 . 6 0 S 0 - 0 6
7 . 3 9 6 0 - 0 6
7 . 1 7 9 0 - 0 6
6 . 9 5 4 0 - 0 6
6.724D-06
6 . 4 9 0 0 - 0 6
6 . 2 5 2 0 - 0 6
6 . 0 1 3 0 - 0 6
5 . 7 7 2 0 - 0 6
5.93LD-06
5.29LD-06
5 . 0 5 2 0 - 0 6
4 . 8 1 6 0 - 0 6
4 . 5 0 1 0 - 0 6
4 . 3 S 0 0 - 0 6
4.L23D-06
3 . 8 9 9 0 - 0 6
3 . 6 8 0 0 - 0 6
3 . 4 6 S 0 - 0 6
3 . 2 5 4 0 - 0 6
3.048D-06
2 . 8 4 7 0 - 0 6
2 . 6 5 1 0 - 0 6
2 . 4 5 9 0 - 0 6
2.271D-06
2.088D-06
1.91OD-O6
1 . 7 3 5 0 - 0 6
1 . S 6 4 0 - 0 6
1 . 3 9 7 0 - 0 6
1 . 2 3 3 0 - 0 6
1 . 0 7 3 0 - 0 6
9.143D-07
7 . S 8 4 0 - 0 7
6 . 0 4 4 0 - 0 7
4 . S 1 9 0 - 0 7
3 . 0 0 6 0 - 0 7
1 . 5 0 1 0 - 0 7
0.000D+OO (BOTTO14)
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T’able 6-17b. Total Material 13a]ame for Oil-Droplets,  SPM and OWWM
Agglomerate at 0.5 Hour From OILSPM3.

MATERIAL  aALANCE INFORMATION (FOR 1 Ctl*CM COLUMN OF WATER) :

CIIL IN THE WATER COLUMN, GRAMS = 2.68E!D-02
OIL LOST TO THE BOTTOM, GRAMS = 1 . 6 1 2 0 - 0 3
OIL  LOST THROUGH REACTION WITH S@Mp GRAMS = 2.413D-03

OIL IN WATER + LOST AT QOTTOM + LOST THROUGH REACTION, GRAMS = 3.091D-02
OIL FLUXED INTO WATER + INITIAL LOADING, GRAMS = 3.109D-O2

5PM (UNATTACHED) IN THE WATER CCILUMN/ GRAMS = 9.926D-01
SPPl LOST THROUGH REACTION WITH OIL, GRAMS = 2.413D-03

SPM IN WATER + LOST THROUGH REACTION, GRAMS = 9.950D-01
5PM FLUXED INTO WATER AT BOTTOM + INITIAL LOADING, GRAMS = 9.950D-01

OIL-SPM  AGGLOMERATE IN THE WATER COLUMNt GRAMS = 4.496D-Q3
OIL-.5PM AGGLOMERATE FLUXED TO THE BOTTOM, GRAi19 = 3.309!2-04

OIL-SPH  IN WATER + LOST T(I BOTTOM, GRAMS  = 4 . 8 2 7 0 - 0 3
OIL-SPM  AGGLOMERATE PRODUCED BY REACTION, GRAMS  = 4.825D-03

‘JECTOR CONVERGENCE,  OIL  =  3.06t)-14, SPU = 6.OID-15  0?4 3  ITERATIONS.

-2g/(cm2  see)] and the  SPM depos i t ion  ra te  constant  (4 .6  x  10 cm/see) . T h e  o i l

d r o p l e t - 5c o n c e n t r a t i o n p r o f i l e  r a n g e s  f r o m  7 . 8  x  1 0 g/cm3  (78 ppm) at  the

sur face to  O at  the  bot tom. The zero  concent ra t ion  a t  the  bot tom is  an  imposed

b o u n d a r y  c o n d i t i o n  a n d  e s s e n t i a l l y  r e s u l t s  i n  a n  u p p e r  b o u n d  f l u x  o f  o i l  t o  t h e

bot tom. L i k e w i s e , the oil/SPM  agg lomerate  concent ra t ion  is  O a t  the  bot tom.

T a b l e  6-17b  i l l u s t r a t e s  t h e  total  m a t e r i a l  b a l a n c e  c a l c u l a t i o n  f o r  t h e

t h r e e t r a n s p o r t i n g s p e c i e s . N o t e  t h a t  t h e  o i l  f l u x e d  i n t o  t h e  w a t e r  a t  t h e

s u r f a c e i s  0 . 0 3 1 0 9  g ,  w h i l e  t h e  c a l c u l a t i o n  a c c o u n t e d  f o r  0 . 0 3 0 9 1  g  a s  o i l  i n

t h e  w a t e r , l o s t  a t  b o t t o m  ( t r a n s p o r t e d  t o  t h e  b o t t o m )  a n d  l o s t  t h r o u g h

r e a c t i o n . Th is  d i f fe rence shou ld  be zero ;  bu t  i t  i s  no t  because o f  numer ica l

i n t e g r a t i o n e r r o r s , and i t  can be made smal le r  by  decreas ing the  gr id  spac ing,

t h e t i m e s t e p , o r  b o t h . The SPM material  balance closes by accounting for

0 . 9 9 5 0  g , and t h e  oil-SPM  a g g l o m e r a t e a l m o s t  c l o s e s  b y  a c c o u n t i n g  f o r
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0 .004827  g  in the water  and los t  to  the  bot tom compared to  0 .004825 g  produced

by r e a c t i o n . C l o s i n g t h e s e  m a t e r i a l  b a l a n c e s  t o  f o u r  s i g n i f i c a n t  d i g i t s  i s

c o n s i d e r e d r e a s o n a b l e  g i v e n  t h e  a s s u m p t i o n s a n d  l i m i t a t i o n  o f  t h e  d a t a  a n d

c a l c u l a t i o n .

T h e  o i l d rop le t ,  SPM,  and oil/SPM  a g g l o m e r a t e  c o n c e n t r a t i o n  p r o f i l e s

and t o t a l m a t e r i a l balance at 10 hr are presented in Tables 6-18a and 6-18b.

N o t e  t h a t  t h e t ime a t  the  end o f  the  ca lcu la t ion  was 7:34  and the  s tar t  t ime

6:42  f o r  a n  i n t e g r a t i o n  t o  1 0  h r  w i t h  a  t i m e - s t e p  s i z e  o f  0 . 0 0 5 6 2  h r  o n  a  g r i d

size of 20.83 cm (over 10 m, 5 1  g r i d  p o i n t s  i n c l u d i n g  1  g r i d  p o i n t  o u t s i d e  e a c h

boundary f o r  c e n t r a l  d i f f e r e n c e s ) . T h e  SPM-concentration  p r o f i l e  i s  s t i l l

c lose  to  0 .001 g /cm 3 and the o i l  d rop le t  concent ra t ion  var ies  f rom 3.159 x  10 -5

(32 ppm) at  the  sur face to  O a t  the  bot tom. T h i s  c o n c e n t r a t i o n  i s  d e c r e a s i n g

f r o m  t h e  0.5-hr  v a l u e  b e c a u s e t h e  o i l - d i s p e r s i o n  s o u r c e  t e r m  i s  a  d e c a y i n g

exponential  . T h e  oil/SPM  agg lomerate  concent ra t ion  var ies  f rom 2.168 x 10-5

g/cm 3 to O; a l s o , note  th is  oil/SPM  a g g l o m e r a t e  c o n c e n t r a t i o n ( s )  i s  h i g h e r

t h a n the 0 .5-hr  va lue because the oil\SPM  a g g l o m e r a t e  h a s  b e e n  p r o d u c e d  o v e r

t h e  9 . 5 - h r  intenal.

T h e  t o t a l  m a t e r i a l  b a l a n c e  a t  1 0  h r  p r e s e n t e d  i n  T a b l e  6-18b  i l l u s -

t r a t e s  t h a t  n u m e r i c a l  i n t e g r a t i o n  e r r o r s  i m p r o v e  ( i . e . ,  d e c r e a s e )  a s  t h e  c a l c u -

l a t i o n “ s t e p s o u t ” i n  t i m e , N o t e  t h a t  t h e  o i l  p u t  i n t o  t h e  w a t e r  f r o m  t h e

sur face is  0 .3166 g  wh i le  the  ca lcu la t ion  accounts  fo r  0 .3164 g . For  the  o ther

two spec ies , t h e  m a t e r i a l  b a l a n c e s  a t  c l o s e  t o  f o u r  d i g i t s .

The vector convergence numbers that appear at the end of the each ma-

t e r i a l  b a l a n c e c a l c u l a t i o n  a r e  t h e  a v e r a g e  f i n a l  e r r o r s  i n  t r i a l  v e c t o r s  u s e d

i n  t h e  c a l c u l a t i o n . In  o ther  words, t o  s o l v e  f o r  a n  o i l  d r o p l e t  c o n c e n t r a t i o n

pro f i le ,  the  SPM concent ra t ion  (vec tor )  must  be  “guessed”  and l i kewise  to  so lve

f o r  t h e SPM-concentration  p r o f i l e  t h e  o i l  d r o p l e t  c o n c e n t r a t i o n  ( v e c t o r )  m u s t

be guessed. T h e  a v e r a g e  e r r o r  in  the  concent ra t ions  is  p r in ted to  ind ica te  how

well (or not) the c a l c u l a t i o n  p r o c e e d e d . F o r  t h e  c a s e  i l l u s t r a t e d  h e r e  t h e
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Table 6-18a. Calculated Oil-Droplet,  SPM and Oil-SPM Agglomerate Profiles
at 10 Hours From OILSIWKL

?:!dz TE-01FFEF4ENCE SOL UTr ON FOR INTERACTING OIL 3ROPLETS AND SPH.

:;DE  YAHE :S  01L3Pt43.aAS, ‘7ERSION  15 9 - 9 - 9 8  @ 0 6 4 3
?;N TIME  WAS 06:42:48, AND R U M  DATE  WAS 08-09-19S8

CONCENTRATION PROFILES AT TIME = 10.000 HOURS

DEPTH
(Cfl)

0.000D+OO
2.083D+01
4.L67D+OI
6.250C)+01
8.333D+01
1.0420+02
1.250D+02
L.458D+02
1.6670+02
L.875D+02
2.083D+02
2.2920+02
2.500D+02
2.7080+02
2.9170+02
3.1250+02
3.333D+02
3.5420+02
3.7500+02
3.9500+02
4.1670+02
4.375D+02
4.583D+02
4.7920+02
5,0000+02
5.208Dt02
5.417D+02
5.625D+02
5.8330+02
6.0420+02
6.250D+02
6.458D+02
6,667D+02
6.8750+02
7.083D+02
7.2920+02
7.5000+02
7.7080+02
7.9L7D+02
8.L25D+02
8.333D+02
8.5420+02
8.7500+02
8.9580+02
9.167D+02
9.3750+02
9.583D+02
9.792D+02
1.0000+03

OIL COMC
(GH/CCl

3.159D-05
3.081D-05
3.004D-05
2.927D-05
2.8520-05
2,777D-05
2.702D-05
2.629D-05
2.556D-05
2.483D-05
2.411D-05
2.340D-05
2.2690-05
2.1990-05
2.130D-05
2.0610-05
1.992D-05
1.9240-05
1.857D-05
1.790D-05
1.723D-05
1.6570-05
1.591D-05
1.526D-05
1.461D-05
1.397D-05
1.3330-05
2..269D-O5
1.206D-05
1.1430-09
1.081D-05
1.0190-05
9.566D-06
8.950D-06
S.337D-06
7.727D-06
7.i20D-06
6.515D-06
5,9L3D-06
5.313D-06
4.715D-06
4.1190-06
3.5260-06
2.9340-06
2.344D-06
1,7560-06
1.169D-06
5.8390-07
0.000D+OO

SPk4 CONC
( Gn/cc  )

9.366D-04
9,368D-04
9.371D-04
9,373D-04
9.375D-04
9.378D-04
9.381D-04
9.384D-04
9.387D-04
9.390D-04
9.393D-04
9.396D-04
9.400D-04
9.403D-04
9.407D-04
9 . 4 1 1 0 - 0 4
9 . 4 1 5 0 - 0 4
9 . 4 1 9 0 - 0 4
9.423D-04
9.427D-04
9.432D-04
9.436D-04
9.441D-04
9.445D-04
9 . 4 5 0 0 - 0 4
9.455D-04
9.460D-04
9 . 4 6 5 0 - 0 4
9.470D-04
9.475D-04
9.480D-04
9 . 4 8 5 0 - 0 4
9.490D-04
9 . 4 9 6 0 - 0 4
9 . 5 0 2 , 0 - 0 4
9 . 5 0 7 0 - 0 4
9.512D-04
9.518D-04
9.523D-04
9 . 5 2 9 0 - 0 4
9 . 5 3 5 0 - 0 4
9.541D-04
9.546D-04
9.552D-04
9.558D-04
9.564D-04
9.570D-04
9.576D-04
9.582D-04

***********S*****  ● *********

OIL-9Pk4 CONC
( GFVCC )

2.168D-05 (SURFACE)
2.L67D-05
2.163D-05
2.157D-0!3
2.1480-0S
2.136D-OS
2.121D-05
2.105D-O5
2.086D-05
2.064D-09
2.040D-05
2.014D-05
1.9S6D-05
1.95513-05
1.923D-05
1.8880-0S
1.851D-=05
L.813D-05
1.773D-05
3,.731D-OS
1.6870-05
1.641D-05
1.594D-05
1.5460-05
1.496D-OS
1.4440-05
L.391D-05
1.337D-05
1.2132D-09
L.22SD-05
1.2.67D-09
1.1080-05
1.048D-09
9.876D-06
9.2590-06
8.633D-06
7.999D-06
7,3560-06
6.711D-06
6.057D-06
5.398D-06
4.7340-06
4.066D-06
3.394D-06
2.7190-06
2.042D-06
1.362D-06
6.814D-07
0.000D+OO (BOTTOM)
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Table 6-l$b. Total Material Balance for Oil-Droplets, SPM and Oil-SPM
Agglomerate at 10 Hours From 01LSPM3.

MATERIAL  BALANCE INFORMATION (FOR 1 CM*CM COLUMN OF WATER):

OIL  IN THE WATER COLUMN, GRAMS = 1.501D-02
OIL LOST TO THE BOTTOM, GRAMS = 2.00ID-01
OIL LOST THROUGH REACTION WITH SPM, GRAMS = 1.013D-01

OIL  IN WATER + LOST AT BOTTOM + LOST THROUGH REACTION, GRAMS = 3.164D-131,
OIL FLUXED INTO WATER + INITIAL LOADING, GRAMS = 3.166D-01

SPt4 (UNATTACHED) IN THE WATER COLUMN, GRAMS = 9,458D-01
SPH LOST THROUGH REACTION WITH OIL, GRAMS = 1.013D-01

SP14 IN  WATER + LOST THROUGH REACTION, GRAMS = 1.04’7D+O0
SPt4 F L U X E D  I N T O  W A T E R  A T  BOTTOM + INIT IAL LOADING,  GRAMS = 1.0470+00

OIL-SPM  AGGLOMERATE IN THE WATER COLUMN, GRAMS = 1.358D-02
OIL-SPM  AGGLOMERATE FLUXED TO THE BOTTOM, GRAMS = 1.890D-01

OIL-SPM  IN  WATER + LOLIT TO BOTTOM, GRAMS = 2.026D-01
OIL-SPM  AGGLOMERATE PRODUCED BY REACTION, GRAMS = 2.025D-01

V E C T O R  C O N V E R G E N C E ,  O I L  =  9.98D-16,  SPM = 6.5$D-16  ON 3  I T E R A T I O N S .

END OF RUN WAS 07:34:47

average error between “guessed” and “ c a l c u l a t e d ”  c o n c e n t r a t i o n s  i s  9 . 9  x  1 0 - 1 6

g/cm3 f o r  o i l  a n d  6 . 5 5  x  1 0 - 1 6 for SPM, which is considered small  enough.

6 . 4 CODE LIMITATIONS AND PERSPECTIVE

A n  i m p o r t a n t a s p e c t  o f  t h e  t h r e e  c a l c u l a t i o n s  d e s c r i b e d  h e r e  i s  t h a t

t h e y a re o n e  d i m e n s i o n a l . For the sample problems discussed, a water-column

d e p t h of 10 m is used and an area (top or bottom) of 1 cm 2. N o t e  t h a t  i f  0 . 5

cm o f o i l  i s  s p i l l e d  a n d  t h i s  o i l  t r a n s p o r t s  i n t o  t h e  w a t e r ,  t h e  o i l  d r o p l e t

c o n c e n t r a t i o n cou ld  be 0.4g/1000cm3 or  400 ppm i f  there  are  no o i l - loss  mecha-

nisms. For  the  case where  o i l  i s  removed a t  the  bot tom the resu l t ing  concen-

t r a t i o n s w i l l  b e  l o w e r . C l e a r l y  t h i s  o i l  c o n c e n t r a t i o n  i s  m u c h  h i g h e r  t h a n
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t h a t  e v e r observed in  the  ocean. The main  reason for  no t  p red ic t ing  a  lower

o i l c o n c e n t r a t i o n  i s t h a t the  one-d imens iona l  ca lcu la t ion  does not  cons ider

h o r i z o n t a l d i s p e r s i o n  o r  s p r e a d i n g  o f  t h e  o i l . Thus,  the  one-d imens ion ca lcu-

l a t i o n s a r e  c o n s e r v a t i v e l y  t o o  h i g h . Then the quest ion  ar ises :  what  good are

t h e  c a l c u l a t i o n s ?

Besides p r o v i d i n g  u p p e r - b o u n d  eseimates  o f  concent ra t ions ,  these ca l -

c u l a t i o n s  a l s o  p r o v i d e  a n  e s t i m a t e  o f  t h e  t i m e  r e q u i r e d  f o r  t h i n g s  t o  h a p p e n  i n

t h e water column. Also , t h e  s e n s i t i v i t y  o f  t h e  i n p u t  p a r a m e t e r s  c a n  b e  i n v e s -

t i g a t e d t o  l e a r n  w h a t  i s  o r  i s  n o t  i m p o r t a n t  w i t h  r e s p e c t  t o  a  s p e c i f i c  o b j e c -

t ive. For example, the  o i l  depos i t ion  mechan isms are  the  boundary  cond i t ions

a t the  bot tom for  the  o i l  and the  oil/SPM  a g g l o m e r a t e ,  a n d  t h e  r e l a t i v e  i m p o r -

tance o f  these two processes can be invest iga ted wi th  respect  to  the  parameters

which w i l l a f f e c t t h e m ,  i . e . , o i l - r i s e  v e l o c i t y , oil/SPM  r e a c t i o n  r a t e  and

oil/SPM  s e t t l i n g  v e l o c i t y ,

These c a l c u l a t i o n s  ( c o d e s )  a r e n o t  u s a b l e  b y  i n t e r f a c i n g  t h e m  w i t h

other  codes,  i .e .  , w i t h  a n  o c e a n - c i r c u l a t i o n  c o d e . The on ly  par t  o f  the  ca lcu-

l a t i o n  w h i c h  i s  u s a b l e  i s  t h e oil/SPM  r e a c t i o n  r a t e  w h i c h  i s  o f  t h e  f o r m :

acCS . T h i s  r e a c t i o n  r a t e  i s  w r i t t e n  o n  a  p e r - u n i t - v o l u m e  b a s i s ,  a n d  a n  (exist-
.

i n g ) o c e a n - c i r c u l a t i o n m o d e l  i n t h r e e  d i m e n s i o n s t h e n  m u s t  i n t e g r a t e  t h i s

e x p r e s s i o n  f o r  t h e  l o s s  o f  o i l , loss of SPM, and product ion of oil/SPM  a g g l o m -

e r a t e . Thus , t h e  r e l a t i v e l y  s i m p l e  r e a c t i o n  r a t e  e x p r e s s i o n  i s  q u i t e  d i f f i c u l t

t o u s e  i n  a n  e n v i r o n m e n t a l  s i t u a t i o n , i f  f o r  n o  o t h e r  r e a s o n  t h a n  t h e  e n v i r o n -

m e n t a l  s i t u a t i o n s  o f  i n t e r e s t  a r e  t h r e e  d i m e n s i o n a l .
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7 . 0 CONCLUSIONS

D e r i v a t i o n s  o f a l g o r i t h m s f o r  t h e  oil/SPM interac t ion  m o d e l s  a r e

p r e s e n t e d  i n  S e c t i o n  3 a n d  d e s c r i p t i o n s  o f  u s e r  i n t e r a c t i o n s  d u r i n g  t h e  r u n n i n g

of the model codes are presented in Section 6. M a s s  t r a n s p o r t  c a l c u l a t i o n s  f o r

i n t e r a c t i n g o i l  d r o p l e t s and SPM in a one-d imens iona l w a t e r column are

presented in  Sect ion  3 to  i l l u s t r a t e  t h e  p r o c e d u r e s  n e c e s s a r y  f o r  i m p l e m e n t i n g

t h e v a r i o u s m o d e l s  i n r e a l i s t i c env i ronmenta l s i t u a t i o n s . The mode ls

d e s c r i b i n g  t h e  i n t e r a c t i o n s  o f  oil  droplets  a n d SPM are  f i rs t  o rder  w i th

r e s p e c t  t o each i n t e r a c t i n g s p e c i e s  ( i . e . ,  oil  d r o p s  a n d  S P M ) ,  and  the

i n t e r a c t i o n r a t e  c o n s t a n t s  a r e  f u n c t i o n s  o f  t u r b u l e n t  e n e r g y  d i s s i p a t i o n  r a t e s

a n d  o t h e r  m u l t i p l i c a t i v e  p a r a m e t e r s . The in terac t ion  models  can be app l ied  to

e i t h e r  a w e l l - m i x e d  v o l u m e o f  w a t e r  ( e . g . , a  homogeneous ly  s t i r red  react ion

v e s s e l ) or  a  nonhomogeneous solut ion where concentrat ions change as a function

o f  p o s i t i o n . B o t h  o f  t h e s e a p p l i c a t i o n s a re ex t remes o f  more  c lass ica l

m a t h e m a t i c a l  d e s c r i p t i o n s  o f  similar  m a t e r i a l  b a l a n c e s  i n  o t h e r  fields  of

sc ience and eng ineer ing.

E x p e r i m e n t a l  e f f o r t s  t o  e v a l u a t e e f f e c t s  o f  r e l e v a n t  e n v i r o n m e n t a l

v a r i a b l e s  o n w h o l e - o i l d rop le t /SPM i n t e r a c t i o n s and t h e r e s u l t i n g

d e t e r m i n a t i o n s  o f  v a l u e s f o r  p a r a m e t e r s t o  b e  i n c o r p o r a t e d  i n t o  t h e  m o d e l

a l g o r i t h m s are summarized in Sect ion 5.2. ?he r e s u l t s  o f  t h e  e f f o r t s  f r o m  t h e

l a b o r a t o r y  e x p e r i m e n t s  y i e l d e d  t h e  f o l l o w i n g  o b s e r v a t i o n s :

e V a l u e s  f o r  i n t e r a c t i o n  r a t e  c o n s t a n t s  b e t w e e n  w h o l e - o i l  d r o p l e t s  a n d

natura l  suspended par t icu la te  mater ia ls  are  dependent  on the type o f

s e d i m e n t  o r S P M  a v a i l a b l e  f o r  a n  i n t e r a c t i o n . N a t u r a l  p a r t i c u l a t e

types used i n  l a b o r a t o r y  e x p e r i m e n t s  included  t h e  f o l l o w i n g :

G r e w i n g k  g l a c i a l t i l l  (<  53  pm) ,  Yukon R iver  De l ta  sed iment  (<  53

pm) , B e a u f o r t sea sediment (< 53 pm), Beaufort Sea peat (< 53 pm),

Jakolof  B a y sediment (< 53 pm), Kotzebue  sediment (<  53 pm), Peard

Bay sediment (<  53 pm), Prudhoe Bay sediment (< 53 pm) and Turnagain

Arm SPM.

For t h e p h y s i c a l and c h e m i c a l  p r o p e r t i e s  m e a s u r e d  f o r  t h e

sediment/SPM types u s e d  i n exper iments , o n l y  v a l u e s  f o r  p a r t i c l e
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number  d e n s i t i e s and to  a  lesser  ex tent  the  propor t ions  o f  the  SPM

types o c c u r r i n g  i n t h e  O - 2  pm s i z e  r a n g e  s h o w e d  s i g n i f i c a n t

c o r r e l a t i o n s w i t h i n t e r a c t i o n r a t e c o n s t a n t s  ( a ) . Both  o f  these

parameters  ( i .e . ,  number  dens i t ies  and the  O-2 pm weight  f rac t ions)

r e f l e c t o v e r a l l s i z e  d i s t r i b u t i o n s o f  p a r t i c l e s i n  p a r t i c u l a r

sediment/SPM  t y p e s . T h e r e f o r e , t h e  i n t e r a c t i o n s  b e t w e e n  t h e  o i l

d rops a n d  p a r t i c u l a r SPM types were  inverse ly  re la ted  to  the  s ize

and, a s  a  c o r o l l a r y , the  to ta l  sur face area of  t h e  S P M  p a r t i c l e s .

O t h e r  sediment/SPM  p r o p e r t i e s  t h a t  h a d  n o  s i g n i f i c a n t  c o r r e l a t i o n  o r

e f f e c t  o n i n t e r a c t i o n r a t e c o n s t a n t s  b e t w e e n o i l  d r o p l e t s  a n d

sediment/SPM  t y p e s i n c l u d e d  c h e m i c a l  m e a s u r e m e n t s  r e l a t e d  t o  t h e

o r g a n i c content  o f  the  sed iment /SPM ( i .e .  ,  to ta l  o rgan ic  carbon and

t o t a l r e s o l v e d  h y d r o c a r b o n s ) and t h e s p e c i f i c d e n s i t i e s  o f  t h e

sediment/SPM.

● V a l u e s  f o r  i n t e r a c t i o n  r a t e  c o n s t a n t s  b e t w e e n  w h o l e - o i l  d r o p l e t s  a n d

5PM were dependent on the sal ini ty of the react ion medium. D e f i n i t e

i n t e r a c t i o n s were o b s e r v e d  a t s a l i n i t i e s o f  b o t h  2 8 - 3 0  p p t

( f u l l - s t r e n g t h  s e a w a t e r )  a n d  1 4 - 1 5  p p t  (1:1  V :V  m i x t u r e s  o f  s e a w a t e r

a n d  f r e s h w a t e r ) . The magni tudes o f  the  in terac t ions  a t  these two

s a l i n i t y l e v e l s appeared to be e s s e n t i a l l y  e q u a l . I n  c o n t r a s t ,

m i n i m a l  o r  n o i n t e r a c t i o n s  b e t w e e n  o i l d r o p l e t s and SPM were

ob!served  a t  a  s a l i n i t y  o f  O  p p t  ( f r e s h w a t e r ) ,

● O i l  droplet/SPM i n t e r a c t i o n  e x p e r i m e n t s were per formed wi th  four

types o f  o i l : unweathered Prudhoe Bay crude oi l ,  12-day weathered

P r u d h o e  B a y  c r u d e , unweathered No. 1 fuel oil, a n d  n a t u r a l l y

weathered Nor th  S lope c rude co l lec ted  f rom the  R/T Glac ier  Bay sp i l l

i n c i d e n t i n  C o o k  I n l e t ,  A K . W i t h i n  t h e  s c a t t e r  i n h e r e n t  t o  t h e

d a t a , n o  d i f f e r e n c e s  i n  a b s o l u t e  v a l u e s  f o r  i n t e r a c t i o n  r a t e

c o n s t a n t s  w e r e  a p p a r e n t  f o r  t h e  d i f f e r e n t  o i l  t y p e s .

e A  l i m i t e d  n u m b e r  o f oil droplet/SPM  i n t e r a c t i o n  e x p e r i m e n t s  w e r e

p e r f o r m e d  a t v a r y i n g  l e v e l s  o f  t u r b u l e n c e  i n  t h e  r e a c t i o n  v e s s e l s .

R a t e  c o n s t a n t s c a l c u l a t e d  f r o m these exper iments c o n f o r m e d  t o
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expected m o d e l  p r e d i c t i o n s f o r  e f f e c t s  o f  t u r b u l e n c e  o n  r a t e s  o f

in terac t ion  between d ispersed o i l  d rop le ts  and SPM.

F r o m  t h e s t a n d p o i n t o f  u t i l i z i n g  e x p e r i m e n t a l l y - g e n e r a t e d  d a t a  f r o m

S e c t i o n 5.2 for the oi l  droplet/SPM  i n t e r a c t i o n  m o d e l s  d e s c r i b e d  i n  S e c t i o n s  3

a n d  6 , the  impor tant  va lues genera ted in  the  labora tory  exper iments  are  those

f o r  t h e o i l  droplet/SPM r e a c t i o n  c o e f f i c i e n t  ( a ) . As descr ibed in  Sect ion

5.2 .1 ,  va lues fo r  a a r e  u s e d  i n  t h e  f o l l o w i n g  e q u a t i o n s :

l/2~a -  a(e/v)
c

when SPM is in excess (i.e. , m o d e l  OILSPMXS.BAS in Section 6.1) and

1 / 2
ac -  a(f/u)

w h e n  S P M  i s  not  in  excess  ( i .e . , m o d e l  01LSPM3.BAS in  Sect ion  6 .3) . In  these

e q u a t i o n s ,  c i s the  energy  d iss ipa t ion  ra te  (see Tab le  6-7  fo r  a  summary  o f

o b s e r v e d  o c e a n i c v a l u e s  f o r  t), v i s  the  k inemat ic  v iscos i ty  (wh ich  can be

approximated as 0.01 cm2/sec  for seawater and freshwater mediums), and S is the
3concent ra t ion  o f  SPM in  un i ts  o f  g  dry  wt/cm  .

Dur ing  an ac tua l  app l ica t ion  o f  the  OILSPMXS.BAS m o d e l ,  t h e  u s e r  m u s t

supp ly  the  va lue fo r  a c in  i tem 8  o f  Tab le  6-2 . For the 01LSPM3.BAS mode l ,  the

u s e r s u p p l i e s t h e value for UC in i tem 3 of Table 6-15a. In  both  ins tances,

t h e  u s e r m u s t  f i r s t  c a l c u l a t e  v a l u e s  f o r  a c i n  t h e  a b o v e  e q u a t i o n s  f r o m

s e l e c t e d values  of a, c,  v and  S. T h e  v a l u e s  f o r  ac a r e  t h e n  i n t e r a c t i v e l y

“ed i ted”  in to  the  appropr ia te  model  (e .g .  , a t  t h e  s p e c i f i e d  l o c a t i o n s  i n  T a b l e s

6 - 2  o r  6 - 1 5 a  d u r i n g the runn ing o f  a  model ) . V a l u e s  o f  a  f o r  i n c o r p o r a t i o n

i n t o t h e  a b o v e equat ions c a n  b e  d e r i v e d  f r o m  e i t h e r  i n d i v i d u a l  e x p e r i m e n t a l

measurements presented in  Tab le  5-7  or  the  summar ized in format ion  in  Tab le  5-8

and Figures 5-9 and 5-10. Table 5-8 and Figure 5-9 present summarized data for

t h e  e x p e r i m e n t a l  d e t e r m i n a t i o n s  o f  a fo r  a  var ie ty  o f  na tura l  sed iment  and SPM

t y p e s  f r o m  A l a s k a n  c o a s t a l  a n d  n e a r s h o r e  e n v i r o n m e n t s  i n  s e a w a t e r  s o l u t i o n s .

Because p a r t i c l e n u m b e r  d e n s i t i e s  f o r  t h e  v a r i o u s sediment and SPM types

e x h i b i t e d t h e  h i g h e s t c o r r e l a t i o n w i t h  e x p e r i m e n t a l l y  d e r i v e d  v a l u e s  o f  a

( T a b l e  5 - 9 ) , e x t r a p o l a t i o n  o f a values for other sediment or SPM types from
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F i g u r e  5 - 1 0  a p p e a r s  r e a s o n a b l e  if  n u m b e r - d e n s i t y  i n f o r m a t i o n  f o r  a  p a r t i c u l a r

sediment or SPM type is ava i lab le  or  can be obta ined.

In order to use t h e m o d e l s  d e s c r i b i n g i n t e r a c t i o n s  b e t w e e n  o i l

d r o p l e t s a n d  SPM i n  a  o n e - d i m e n s i o n a l  w a t e r  c o l u m n  t h a t  i s  i n i t i a l l y  o i l - f r e e ,

a source t e r m  f o r  b o t h  o i l  a n d  S P M  i s  r e q u i r e d .  T h e  s o u r c e  t e r m  f o r  t h e  o i l

d r o p l e t s c a n  b e  o b t a i n e d  f r o m  N O A A ’ s  o p e n  o c e a n  o i l - w e a t h e r i n g  c o d e ,  w h i c h

p r e d i c t s t h e r a t e at  wh ich  o i l  d rop le ts  are  d ispersed in to  the  water  co lumn.

T h i s  o i l  d i s p e r s i o n  r a t e  i s  u s e d  a s  a  b o u n d a r y  c o n d i t i o n  i n  t h e  f o r m  o f  a n  o i l

f l u x  a s a  f u n c t i o n  o f  t i m e . S i n c e  t h e  o i l - w e a t h e r i n g  c o d e  o n l y  p r e d i c t s  t h e

f l u x  a n d  d o e s  n o t  p r o v i d e  i n f o r m a t i o n  i n  t h e  f o r m  o f  a n  e q u a t i o n ,  the  o i l  f lux

i s a c t u a l l y  u s e d i n  m a t h e m a t i c a l  f o r m  a s  a  s e r i e s  o f  d e c a y i n g  e x p o n e n t i a l .

T h e  o n e - d i m e n s i o n a l  m o d e l s deve loped for  th is  program are  based on a  s ing le

e x p o n e n t i a l t y p e  b o u n d a r y  c o n d i t i o n . T o  u s e  a  s e r i e s  o f  e x p o n e n t i a l ,  t h e

c a l c u l a t e d  r e s u l t s  f o r  e a c h  e x p o n e n t i a l  a r e  a d d e d  t o g e t h e r .

T h e  m o d e l  t h a t  d e s c r i b e s  t h e

SPM source term at the lower boundary.

SPM in the water column is based on an

T h i s  s o u r c e  t e r m  i s  s e l f - l i m i t i n g  w i t h

r e s p e c t  t o t h e  m a x i m u m  S P M  c o n c e n t r a t i o n  t h a t

column. T h e  s o u r c e  t e r m m u s t  b e  o b t a i n e d

o b s e r v a t i o n s  o f  s e d i m e n t  t r a n s p o r t .

can be a t ta ined in  the  water

f r o m  e i t h e r e x p e r i e n c e  o r

Eventua l t r a n s p o r t  o f o i l  d r o p l e t s in  the  water  co lumn wi l l  be  to

e i t h e r t h e a i r - w a t e r i n t e r f a c e as buoyant  drop le ts  or  to  benthic  r e g i o n s  a s

oil/SPM  a g g l o m e r a t e s . Thus , the  models  descr ibed in  Sect ions  3  and 6  are

u l t i m a t e l y  d e s i g n e d  t o  g e n e r a t e  a n  o i l - f r e e  w a t e r  c o l u m n  a t  l o n g  t i m e s  a s  w e l l

a s  p r o v i d e  e s t i m a t e s f o r  t o t a l  m a t e r i a l  b a l a n c e s  o f  o i l  a n d  p r e d i c t i o n s  o f

q u a n t i t i e s  o f  o i l  d e p o s i t e d  i n  b o t t o m  s e d i m e n t s .

As f o r t r a n s p o r t  o f oil  to benthic  e n v i r o n m e n t s , r e s u l t s  o f

exper iments t o  e v a l u a t e  s e d i m e n t a t i o n  r a t e s  f o r  n a t u r a l  s e d i m e n t  t y p e s  i n  t h i s

p r o g r a m  a r e s u m m a r i z e d  i n  S e c t i o n  5 . 3 . Experiments were performed with two

sed iment t y p e s  ( i . e . , Grewingk  g l a c i a l  t i l l  a n d  Y u k o n  R i v e r  D e l t a  s e d i m e n t )

tha t  encompassed the  ex t remes in  par t ic le -s ize  ranges fo r  the  n ine  sed iment  and

S P M  t y p e s  u t i l i z e d  i n  v a r i o u s  p o r t i o n s  o f  t h e  e x p e r i m e n t a l  p r o g r a m s . I t  w o u l d

seem r e a s o n a b l e  t o e x p e c t  t h a t  i n f o r m a t i o n  g e n e r a t e d  f o r  s e t t l i n g  v e l o c i t i e s
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f o r  t h e s e two SPM types should therefore encompass ranges of values expected

for the other sediment and SPM t y e s .

S e t t l i n g v e l o c i t i e s f o r  t h e  Grewingk  g l a c i a l  t i l l  a n d  Y u k o n  R i v e r

sediment were i n v e s t i g a t e d  i n t h e  c o n t e x t o f  b o t h  p r i o r  i n t e r a c t i o n s  w i t h

v a r y i n g amounts o f unweathered or 12-day weathered Prudhoe Bay crude oi l  as

w e l l  a s  v a r y i n g  s a l i n i t y  i n  t h e  e x p e r i m e n t a l  m e d i u m . I n f o r m a t i o n  d e r i v e d  f r o m

t h e  s e t t l i n g  v e l o c i t y  s t u d i e s  c a n  b e  s u m m a r i z e d  w i t h  t h e  f o l l o w i n g  p o i n t s .

o W h i l e  t h e  a v e r a g e s i z e  d i s t r i b u t i o n s  o f  p a r t i c l e s  i n  t h e  G r e w i n g k

t i l l  a n d  Y u k o n  R i v e r  s e d i m e n t  w e r e  s u b s t a n t i a l l y  d i f f e r e n t  f r o m  e a c h

o t h e r  ( i . e . ,  t h e t i l l  was compr ised o f  a  much h igher  abundance o f

p a r t i c l e s w i t h  d i a m e t e r s < 10 pm) ,  bo th  o f  these natura l  sed iment

t y p e s  d i d  c o n t a i n  p a r t i c l e s  e n c o m p a s s i n g  a  s p e c t r u m  o f  s i z e  r a n g e s .

C o r r e s p o n d i n g l y , the  sed imenta t ion  exper iments  produced spect rums o f

p a r t i c l e s e t t l i n g v e l o c i t i e s for  each o f  the  sed iment  types (e .g . ,

see F igure  5-15) .

● Both  the  Grewingk  t i l l  and the  Yukon R iver  SPM were  more  e f f i c ien t ly

removed f rom suspens ion ( i .e . , sedimented)  a t  s a l i n i t i e s  o f  2 8 - 2 9  p p t

( f u l l - s t r e n g t h  s e a w a t e r )  a n d 1 4  ppt  (a 1:1  V :V  m i x t u r e  o f  s e a w a t e r

a n d  f r e s h w a t e r )  a s o p p o s e d  t o  O  p p t  ( f r e s h w a t e r ) . E f f e c t s  o f

s a l i n i t y o n  p a r t i c l e s e t t l i n g  v e l o c i t i e s  w e r e  m o s t  p r o n o u n c e d  f o r

p a r t i c l e s  i n  t h e  s m a l l e r  s i z e  r a n g e s , a s  i n d i c a t e d  b y  t h e  f a c t  t h a t

d i f f e r e n c e s i n  t h e  s e d i m e n t a t i o n  t r e n d s  a t  t h e  d i f f e r e n t  s a l i n i t i e s

were m o s t  p r o n o u n c e d  a t l a t e r  s a m p l i n g  t i m e s  w h e n  o n l y  s m a l l e r

particles  r e m a i n e d  i n  s u s p e n s i o n  (e.g.,  Figures  5-26  through  5.29).

More e f f e c t i v e s e d i m e n t a t i o n  o f p a r t i c l e s i n  h a l f - s t r e n g t h  a n d

f u l l - s t r e n g t h  s e a w a t e r  w a s  d u e  t o  flocculation  o f  t h e  smaller

p a r t i c l e s  i n  t h e  a q u e o u s  medi~s  c h a r a c t e r i z e d  b y  higher  ionic

s t r e n g t h s .

● P r i o r  o i l i n g  o f  S P M  p a r t i c l e s  i n  s t i r r e d  r e a c t i o n  v e s s e l  e x p e r i m e n t s

r e s u l t e d i n  h i g h e r  s e d i m e n t a t i o n  r a t e s  f o r  p a r t i c l e s . The magnitude

o f t h i s e f f e c t w a s  p o s i t i v e l y  c o r r e l a t e d  w i t h  t h e  d e g r e e  o f  p r i o r

“ o i l i n g ”  o f the SPM. The la t te r  po in t  was demonst ra ted by  the  fac t
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t h a t  p r o g r e s s i v e l y h igher  o i l  loads assoc ia ted w i th  S P M  r e s u l t e d  i n

more r a p i d s e d i m e n t a t i o n of  par t i c les  and skewing o f  sed imenta t ion

v e l o c i t y envelopes f o r  t h e spectrums o f  p a r t i c l e s  t o w a r d  h i g h e r

s e d i m e n t a t i o n v e l o c i t i e s ( F i g u r e s 5-16 t h r o u g h 5 - 1 9 ) .

Photomicrographs  o f  s a m p l e s  o f SPM u s e d  i n  s e d i m e n t a t i o n  v e l o c i t y

exper iments documented s u b s t a n t i a l l y l a r g e r  s i z e s  o f  oil/SPM

agglomerates compared to  uno i led  parent  SPM mater ia l  (e .g .  ,  F igure

5 - 6 ) . C o n s e q u e n t l y ,  ~oiling” of SPM part ic les was accompanied by

t h e i r agg lomerat ion i n t o  l a r g e r  “ p a r t i c l e  m a s s e s ” ,  w h i c h  i n  t u r n

produced e n h a n c e d  r a t e s o f  s e d i m e n t a t i o n  f o r  t h e  p a r t i c l e s  a n d  t h e

a s s o c i a t e d  o i l .

o L i m i t e d  e v i d e n c e suggests  tha t  oil  in  sed imenta t ion  exper iments  was

p r e f e r e n t i a l l y  a s s o c i a t e d wi th  smal le r  SPM “par t i c les . For example,

ana lyses of  bo th  SPM loads and o i l  concent ra t ions  were  measured in

common samples c o l l e c t e d  o v e r t i m e  i n one o f  t h e  s e d i m e n t a t i o n

exper iments i n v o l v i n g Y u k o n  R i v e r  s e d i m e n t and 12-day weathered

P r u d h o e  B a y  c r u d e  o i l . T h e  r e s u l t s  d e m o n s t r a t e d  t h a t  m e a s u r e d

quant i t ies  o f  o i l  dec l ined more  s lowly  than the  SPM (F igures  5-24 and

5 - 2 5 ) . M i c r o s c o p i c  obsenervations  r e v e a l e d  t h a t  all  of the oi l  in

t h e  s a m p l e s appeared t o  b e  a s s o c i a t e d  w i t h  S P M  ( i . e . ,  n o  f r e e  o i l

drops w e r e  v i s i b l e ) . Consequently, the  more gradua l  dec l ines  in  the

o i l  l o a d s  w o u l d  i n d i c a t e  t h a t  t h e  o i l  w a s  p r e f e r e n t i a l l y  a s s o c i a t i n g

w i t h  s m a l l e r  S P M  p a r t i c l e s  t h a t  h a d  g r e a t e r  t e n d e n c i e s  t o  r e m a i n  i n

suspens ion.

I n f o r m a t i o n f rom the labora tory  sed imenta t ion  exper iments  can be used

i n  t h e  m o d e l s  p r e s e n t e d  i n  S e c t i o n s  3 a n d  6 . S p e c i f i c a l l y , s e t t l i n g  v e l o c i t y

v a l u e s a re entered in  i tem 1 o f  Tab le  6-11 fo r  the  model  descr ib ing  t ranspor t

o f  S P M  ( i . e . , mode 1 SPMONLY.BAS in  Sect ion  6 .2)  and i tems 1  and 2  o f  Tab le

6-15b  f o r  t h e  m o d e l  d e s c r i b i n g  i n t e r a c t i o n s  b e t w e e n  o i l  d r o p l e t s  a n d  SPM ( i .e . ,

m o d e l  01LSPM3.BAS i n  S e c t i o n  6 . 3 ) . I t  m u s t  b e  n o t e d ,  h o w e v e r ,  t h a t  r e s u l t s  o f

t h e s e d i m e n t a t i o n s t u d i e s  p e r f o r m e d  d u r i n g  t h i s  p r o g r a m  d e m o n s t r a t e  t h a t

n a t u r a l  S P M  t y p e s  w i l l  n o r m a l l y c o n s i s t  o f  a  v a r i e t y  o f  p a r t i c l e  s i z e s  a n d

shapes t h a t  a r e  c h a r a c t e r i z e d  b y  d i f f e r e n t  s e t t l i n g  v e l o c i t i e s . Consequent ly ,

s e l e c t i o n  o f s p e c i f i c se t t l ing  ve loc i t ies  fo r  u s e  i n  t h e  m o d e l s  m u s t  b e  d o n e
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w i t h care a n d  a n unders tand ing o f  the  l im i ta t ions  presented by  spect rums o f

se t t l ing  ve loc i t ies  normal ly  encountered in  na tura l  SPM or  sed iment  phases.

W i t h i n  t h e c o n t e x t  o f  t h e  p r e c e d i n g  r e c o g n i z e d  l i m i t a t i o n s ,  s p e c i f i c

v a l u e s o f  p a r t i c l e  s e t t l i n g  v e l o c i t i e s  f o r  u s e  i n  t h e  m o d e l s  c a n  b e  e x t r a c t e d

f r o m  d a t a  c o n t a i n e d i n  F i g u r e s  5-15, 5-17,  5-19,  5-21,  5-23 and 5-25.  These

f i g u r e s c o n t a i n s e t t l i n g  v e l o c i t y  v a l u e s  f o r  n a t u r a l  S P M  t y p e s  t h a t  n o t  o n l y

encompass a  b r o a d  r a n g e  o f  p a r t i c l e  s i z e s  ( i . e . , p r i m a r i l y  2 0 - 5 0  pm for  Yukon

R i v e r sediment a n d  < 5 pm f o r  G r e w i n g k  t i l l ; F i g u r e  5 - 2 )  b u t  a l s o  i n c o r p o r a t e

effects of varying degrees of oi l  loading onto the S P M  p h a s e s .

I n  a d d i t i o n  t o t h e  w h o l e - o i l  droplet/SPM  i n t e r a c t i o n s  s u m m a r i z e d

above , exper iments were a lso  per formed to  eva luate  and es t imate  the  re la t ive

impor tance o f  molecu lar -sca le  in terac t ions  between d isso lved o i l  components  and

SPM. These s t u d i e s a re s u m m a r i z e d  in  Sect ion  5 .4 . The experiments were

conducted w i th  the  fo l lowing bo i l ing-po in t  cu ts  f rom Prudhoe Bay c rude o i l :  Cut

#4 , C u t  X7 and Cut  s1O. A d s o r p t i v e  c a p a c i t i e s  f o r  C u t  s1O as a whole as wel l

as i n d i v i d u a l  c o m p o u n d s f r o m  C u t s #4  and  #7 w e r e  d e t e r m i n e d  f o r  Grewingk

g l a c i a l  till, Yukon  River sediment,  ‘and Turnagain Arm SPM. Resu l ts  f rom the

e x p e r i m e n t s  p r o d u c e d  t h e  f o l l o w i n g  s p e c i f i c  o b s e r v a t i o n s :

@ P a r t i t i o n c o e f f i c i e n t s  ( K p )  f o r  t h e  c o m p o u n d s  a n d / o r  c u t s  w e r e

o b s e r v e d  t o i n c r e a s e  w i t h  h i g h e r  v a l u e s  f o r  octanol-water  p a r t i t i o n

c o e f f i c i e n t s  (Kow),  h i g h e r  m o l e c u l a r  w e i g h t s  a n d  l o w e r  a q u e o u s

solubilities.

@ S P M  a d s o r p t i o n  c a p a c i t i e s  a p p e a r e d  t o  b e  s t r o n g l y  i n f l u e n c e d  b y  t h e

i n i t i a l  c o n c e n t r a t i o n s  o f  t h e  d i s s o l v e d  c o m p o n e n t s .

● S P M  a d s o r p t i o n  c a p a c i t i e s f o r  C u t #10 components appeared to be

c o r r e l a t e d  t o  a l i m i t e d  e x t e n t  w i t h  b o t h  p a r t i c l e  n u m b e r  d e n s i t i e s

and the  we ight  f rac t ion  o f  the  to ta l  SPM conta ined in  the  < 2 - p m  s i z e

range.

W i t h  t h e d a t a  g e n e r a t e d i n  S e c t i o n  5 . 4 ,  c a l c u l a t i o n s  w e r e  m a d e  t o

e s t i m a t e t h e env i ronmenta l i m p o r t a n c e  o f t h e  m o l e c u l a r - s c a l e  i n t e r a c t i o n s
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r e l a t i v e  t o t h o s e  f o r  w h o l e - o i l  droplet/SPM  i n t e r a c t i o n s . T h e  l a t t e r

computa t ions i n d i c a t e d  t h a t  m o l e c u l a r - s c a l e  i n t e r a c t i o n s  b e t w e e n  d i s s o l v e d  o i l

components a n d  S P M  w o u l d  l i k e l y  b e  o f  o n l y  m i n o r  i m p o r t a n c e  f o r  d e t e r m i n i n g

u l t i m a t e  d i s t r i b u t i o n s  a n d  f a t e s  o f  o i l  c o m p o n e n t s .
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8 . 0

8 . 1

SEA ICE DYNAMICS EXPERIMENTS TO EXAMINE OIL/ICE/SPM  INTERACTIONS

INTRODUCTION

T h e  p r e s e n c e  o f  s e a i c e  h a s  a p p r e c i a b l e  e f f e c t s  o n  t h e  w e a t h e r i n g

b e h a v i o r a n d  d i s p e r s i o n  o f  s p i l l e d  o i l  ( e . g . ,  P a y n e ,  e t  al.  , 1984b  and  1987a).

Dynamic ice  growth ,  decay, a n d  t r a n s p o r t  p r o c e s s e s  w i l l  a l l  a f f e c t  s p i l l e d  o i l

( T h o m a s ,  1 9 8 4 ) ,  a n d  t h e r e are a number of important variables which must be

c o n s i d e r e d  w h e n a t t e m p t i n g  t o  p r e d i c t  t h e  w e a t h e r i n g  b e h a v i o r  a n d  f a t e  o f  o i l

s p i l l e d  i n t h e  p r e s e n c e  o f  i c e . These var iab les  inc lude the  age o f  the  ice ,

w h e t h e r  i t i s  i n  a  s t a t e  o f  a c t i v e  g r o w t h  o r  d e c a y ,  t h e  l o c a t i o n  o f  t h e  spill

( u n d e r n e a t h  o r  o n  t o p  o f  t h e  i c e ) ,  t h e  t y p e  o f  oil  spilled,  a n d  t h e  physical

p r o p e r t i e s  o f  t h e  i c e  i t s e l f , i n c l u d i n g t h e  i c e  c r y s t a l  s t r u c t u r e  and  t h e

p r e s e n c e  o f  e n t r a i n e d  s e d i m e n t s . While models developed by SAIC and others

( e . g . P a y n e  e t  a l . , 1 9 8 7 a ;  Wotherspoon,  e t  a l . , 1985; and Wilson and Mackay,

1 9 8 6 )  a l l o w e d  p r e d i c t i o n s o f  o i l  w e a t h e r i n g  b e h a v i o r  a n d  i n t e r a c t i o n s  o f  o i l

w i t h  f i r s t - y e a r  a n d  multiyear  i c e , l i t t l e  i n f o r m a t i o n  w a s  a v a i l a b l e  t o  a l l o w

p r e d i c t i o n s  c o n c e r n i n g  oil  i n t e r a c t i o n s w i t h  i c e  c o n t a i n i n g  h e a v y  s e d i m e n t

l o a d s . T h e r e f o r e , t h e s t u d i e s d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n s  o f  t h i s

r e p o r t were  under taken to  prov ide suf f ic ien t  in format ion  and data  to  suppor t  a

computer model t h a t c o u l d  b e u s e d  i n  c o n c e r t w i th  ex is t ing  NOAA mode ls

u l t i m a t e l y t o  p r e d i c t  o i l  w e a t h e r i n g  ( a n d  s e d i m e n t a t i o n )  b e h a v i o r  u n d e r  t h e s e

condit ions . T h e  p r i m a r y  t h r u s t  a n d i n i t i a l  f o c u s  o f  t h e s e  s t u d i e s  w a s  o n

u n d e r s t a n d i n g t h e i c e / s e d i m e n t / S P M  i n t e r a c t i o n  a n d  e n t r a i n m e n t  P r o c e s s e s

r e s p o n s i b l e f o r  g e n e r a t i n g  a  s e a s o n a l  i c e  c a n o p y  w i t h  widely  v a r y i n g  b u t

s i g n i f i c a n t sediment burdens. Exper iments  were  then p lanned in  wh ich  f ree  o i l

d r o p l e t s cou ld  be in t roduced to  s tudy the i r  e f fec t  on  sed iment  ent ra inment  and

t ranspor t  by  seasona l  i ce  canop ies .

A s  d i s c u s s e d  b y Osterkamp and Gosink  (1984) and references therein,

i n c o r p o r a t i o n  o f seabed sediments into nearshore sea ice layers is a common

phenomenon, p a r t i c u l a r l y in  areas o f  the  Ber ing,  Beaufor t ,  and Chukchi  S e a s .

S e d i m e n t - l a d e n  i c e i s  a l s o o f t e n  o b s e r v e d  r i s i n g  t o  t h e  s u r f a c e  o f  n o r t h e r n

r i v e r s  o n  m o r n i n g s  f o l l o w i n g  c o l d ,  c l e a r  n i g h t s  ( B a r n e s ,  1 9 8 2 ;  Wigle,  1970;  Ar-

den and Wigle, 1 9 7 2 ;  Michel,  1972; and Foulds  and Wigle,  1 9 7 4 ) . Concent ra t ions

o f  f i n e - g r a i n e d  s e d i m e n t s in sea ice have been reported as high as 1600 mg/L
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(e. g., Campbell and  Collin,  1958;  Barnes and Fox,  1979;  Barnes e t  a l . ,  1982;

Osterkamp a n d  G o s i n k ,  1 9 8 4 ) ;  c o n c e n t r a t i o n  p r o f i l e s  o f  f i n e - g r a i n e d  s e d i m e n t s

i n sea i c e a re a l s o  f r e q u e n t l y  c h a r a c t e r i z e d  b y  d i s t i n c t  v e r t i c a l  g r a d i e n t s

c o m p r i s i n g  a s u r f a c e  l a y e r  w i t h  l o w  s e d i m e n t  c o n c e n t r a t i o n s ,  a n  i n t e r m e d i a t e

l a y e r w i t h  h i g h  s e d i m e n t  c o n c e n t r a t i o n s ,  a n d  a  b o t t o m  l a y e r  o f  “ c l e a n ”  ( i . e .  ,

e s s e n t i a l l y s e d i m e n t - f r e e ) i c e  ( B a r n e s  e t  a l . ,  1 9 7 2 ;  B a r n e s  a n d  F o x ,  1 9 7 9 ;

Osterkamp a n d  G o s i n k , 1984) . C o n s e q u e n t l y ,  p r o c e s s e s  c o n t r i b u t i n g  t o  fine-

g r a i n e d sediment loads in  sea ice  can produce in  s i tu  concent ra t ions  substan-

t i a l l y  i n  e x c e s s  o f  t h o s e i n  p a r e n t  f o r m a t i o n  w a t e r s ,  a s  w e l l  a s  d i s t i n c t

v e r t i c a l  c o n c e n t r a t i o n  g r a d i e n t s  i n  t h e  i c e  i t s e l f .

Sed iment  incorpora t ion  in to  ice  may a f fec t  light  t r a n s m i t t a n c e  p r o p e r -

t i e s , a lbedo, and the ice  s t ruc ture  and mechan ica l  s t rength . A d d i t i o n a l l y ,  i c e

movement  fo l lowed by  breakup represents  a  mechan ism for  t ranspor t ing  and red is -

t r i b u t i n g s i g n i f i c a n t  q u a n t i t i e s  o f  e n t r a p p e d  s e d i m e n t s  ( B a r n e s  et  al .  ,  1982;

Na idu, 1979) . This same mechanism may also be important for transport ing and

r e d i s t r i b u t i n g d i s c h a r g e d  m a t e r i a l s f r o m  o i l  d r i l l i n g  o p e r a t i o n s ,  i n c l u d i n g

muds and c u t t i n g s , a s  w e l l  a s  o i l  d r o p l e t s  o r  o i l e d  s e d i m e n t s  (Osterkamp  a n d

Gos ink , 1984) . T h e  p r e s e n c e of weathered or fresh crude oil  a lso  may have

i m p o r t a n t  b u t  u n k n o w n  e f f e c t s  o n  i c e / s e d i m e n t  i n t e r a c t i o n  p r o c e s s e s . P o s s i b l e

e f f e c t s i n c l u d e a l t e r a t i o n s  o f  s e d i m e n t  i n c o r p o r a t i o n  r a t e s  i n t o  i c e ,  c h a n g e s

i n  t h e  a f f i n i t y o f  o i l e d  p a r t i c l e s  ( a n d  f l o e s )  f o r  i c e  c r y s t a l  s u r f a c e s ,  e n -

h a n c e d  ( o r  r e t a r d e d ) S P M  f i l t r a t i o n  b y  s l u s h  i c e ,  a n d  p e r t u r b a t i o n s  t o  t h e

s u s c e p t i b i l i t y  o f  o i l e d  s e d i m e n t s  t o  t u r b u l e n t  r e s u s p e n s i o n  o r  reflotation.

Sed iment  is  incorpora ted in to  fluvial  and mar ine  ice  covers  because o f

i n t e r a c t i o n s o f  frazil  i c e ,  s l u s h  i c e , and anchor  ice  w i th  sed iment  in  suspen-

s i o n a n d / o r  o n t h e  b o t t o m . Frazil  i c e  e x i s t s  a s  f i n e  spicules,  p l a t e s ,  o r

discoids  o f i c e  c r y s t a l s  s u s p e n d e d in  water  (Kivisild,  1 9 7 0 ) . I t  f o r m s  i n

s l i g h t l y s u p e r c o o l e d  w a t e r , usua l ly  occur r ing  as  d iscs  rang ing  f rom 1  to  4  mm

i n  d i a m e t e r  a n d  1  t o  1 0 0  #m t h i c k . U n d e r  c e r t a i n  c o n d i t i o n s ,  frazil  c r y s t a l s

become a t t a c h e d  t o  b o t t o m  m a t e r i a l  o r  u n d e r w a t e r  o b j e c t s ,  c r e a t i n g  a n c h o r  i c e .

A l t h o u g h  t h e f o r m a t i o n , development, and proper t ies  o f  frazil  have been the

s u b j e c t  o f many s t u d i e s  ( s u m m a r i z e d  b y  O s t e r k a m p ,  1 9 7 8 ;  M a r t i n ,  1 9 8 1 ,  a n d

204



T s a n g ,  1 9 8 2 ) ,  t h e  i n t e r a c t i o n s  o f frazil  and anchor  ice  w i th  sed iment  are

p o o r l y  u n d e r s t o o d .

Freshwater f raz i l  and anchor  ice  in  lakes  and r ivers  cause many eng i -

n e e r i n g  p r o b l e m s , i n c l u d i n g  f l o o d i n g , i n t e r f e r e n c e  w i t h  h y d r o e l e c t r i c  f a c i l i -

ties , b lockage o f  water  supp ly  in takes, in ter fe rence wi th  sh ipp ing,  and damage

t o  h y d r a u l i c  s t r u c t u r e s ( C a r s t e n s ,  1 9 6 6 ;  Osterkamp,  1 9 7 8 ) .  T h e r e f o r e ,  i t  i s

n o t s u r p r i s i n g  t h a t  m o s t  s t u d i e s  h a v e  d e a l t  w i t h  t h e  e n g i n e e r i n g  p r o p e r t i e s  o f

frazil  a n d  a n c h o r ice  or  have been a imed a t  unders tand ing the  meteoro log ica l

and hydrau l ic  cond i t ions  necessary  fo r  frazil  a n d  a n c h o r - i c e  f o r m a t i o n .

Fluvial  a n d  m a r i n e  f r a z i l  a n d  a n c h o r  i c e  c o m m o n l y  f o r m  i n  t u r b u l e n t ,

supercoo led water  exposed to  subf reez ing a i r  temperatures . Turbu lence,  caused

b y  c u r r e n t s  o r  w i n d - g e n e r a t e d  w a v e s , i n h i b i t s  f o r m a t i o n  o f  a  s u r f a c e  i c e  c o v e r

and a l l o w s s u p e r c o o l i n g of the water column to some depth. I n  n a t u r a l  w a t e r

b o d i e s , t h i s s u p e r c o o l i n g is  less  than O.lOaC  ( S c h a e f e r ,  1 9 5 0 ;  Wigle,  1 9 7 0 ;

A r d e n  a n d  Wigle,  1 9 7 2 ) . The t ime- temperature  curve fo r  water  where  frazil  is

produced h a s  a  c h a r a c t e r i s t i c s h a p e  ( F i g u r e  8 - 1 )  w h e r e  t h e  t e m p e r a t u r e

decreases  w i th  t ime to  some min imum tempera ture ,  T m , and then rises to an equi-

l i b r i u m  t e m p e r a t u r e ( Te) as frazil  i s  fo rmed (Tsang,  1982;  Tsang and Hanley,

1985) . T e i s  s l i g h t l y  l e s s  t h a n  t h e  f r e e z i n g  t e m p e r a t u r e ,  T f,  a n d  t h e  d i f f e r -

e n c e  b e t w e e n  t h e s e  t w o , T r o r  t h e  r e s i d u a l  t e m p e r a t u r e ,  i s  t h e  d r i v i n g  f o r c e

f o r  c o n t i n u e d  frazil  p r o d u c t i o n  i n  n a t u r a l  s y s t e m s .

Frazil  i n  s u p e r c o o l e d  f r e s h  w a t e r  i s  b e l i e v e d  t o  b e  “ a c t i v e ”  o r

“ s t i c k y ” ,  e x h i b i t i n g  s t r o n g  c o h e s i v e  t e n d e n c i e s  b e t w e e n  i n d i v i d u a l  i c e  c r y s t a l s

a n d  b e t w e e n  i c e crys ta ls  and mater ia ls  on  the  bot tom (Cars tens ,  1966) . Once

frazil  c r y s t a l s form,  they  agg lomerate  to  each o ther  and form buoyant  f loes  3

to  10 cm in  d iameter  tha t  r i se  to  the  water  sur face. F l o e s  e v o l v e  i n t o  s u r f a c e

S lush i c e o r  frazil  p a n s  w h e n  e x p o s e d  t o  f r i g i d  a i r . Frazil  pans can range

f r o m  2 to 10 m in diameter and exceed 1 m in thickness (Osterkamp  and Gosink,

1983) , The accumula t ion  o f  f raz i l  pans aga ins t  an  obst ruc t ion  and subsequent

f reez ing o f  the  water  between pans leads to  the  fo rmat ion  o f  a  so l id  ice  cover .
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Prev ious r e s e a r c h  o n s a l t w a t e r  frazil  and anchor - ice  fo rmat ion  sug-

g e s t s  t h a t , even in  supercoo led water , frazil  p l a t e l e t s  m a y  n o t  b e  s t i c k y  (Han-

ley and Tsang,  1984) . T h i s  l a c k  o f  s t i c k i n e s s  i s  e x p l a i n e d  b y  s a l t  r e j e c t i o n

f rom the  ice  as  a  frazil  c r y s t a l  f o r m s . T h i s  s a l t  f o r m s  a  t h i n  l a y e r  o f  w a t e r

w i t h  h i g h e r  s a l i n i t y  a n d  c o r r e s p o n d i n g l y  l o w e r  f r e e z i n g  p o i n t  a r o u n d  t h e  frazil

c r y s t a l , w h i c h  i n t u r n i n h i b i t s  c o n t i n u e d  frazil  g r o w t h  a n d  a p p a r e n t l y  a l s o

reduces the s t ick iness  o f  the  frazil  c rys ta l  (Hanley  a n d  T s a n g ,  1 9 8 4 ) . I n  t h e

B e a u f o r t  S e a , K e m p e m a  e t  a l . ( i n  p r e p . )  f o u n d  t h a t  a c c u m u l a t i o n s  o f  frazil

s l u s h  o n t h e sea s u r f a c e a re n o t  s t i c k y . However ,  Re imni tz  e t  a l .  (1987)

r e p o r t o b s e r v a t i o n s of  anchor  ice  tha t  apparent ly  fo rmed f rom frazil  a d h e r i n g

t o  t h e  s e a f l o o r .

P o t e n t i a l  m e c h a n i s m s  f o r  s e d i m e n t  e n t r a i n m e n t  i n t o  s u r f a c e  i c e  c a n o -

p ies  have been descr ibed by  Campbel l  and Colin  ( 1 9 5 8 ) ;  B e n s o n  a n d  O s t e r k a m p

( 1 9 7 4 ) ;  L a r s e n (1980b);  Naidu  (1980); Osterkamp and Gosink (1980); and Barnes

e t a l . ( 1 9 8 2 )  w h o suggested tha t  the  most  l i ke ly  mechan ism for  resuspend ing

n e a r s h o r e  b o t t o m  s e d i m e n t s  i n t o  i c e  i s s torms dur ing  the f reezeup per iod .

I n i t i a l l y , s to rm- induced t u r b u l e n c e can produce suspens ions o f  fine-grained

sed imentary m a t e r i a l s  i n c o l d , s h a l l o w  w a t e r columns i n  w h i c h  frazil  i c e

c r y s t a l s are  fo rming, I f  ca lm water  cond i t ions  fo l low,  the  suspended sed iment

p a r t i c l e s  b e c o m e e n t r a i n e d  o n  o r  i n  t h e  frazil  c r y s t a l s  a s  t h e  l a t t e r  r i s e  t o

form a  seawater -s lush ice  layer  near  the  water  sur face, I n  a d d i t i o n  t o  e n t r a p -

m e n t  b y  a s c e n d i n g  frazil  c r y s t a l s , i t  has  a lso  been proposed that  sed iment

p a r t i c l e s  m a y  “ s t i c k ” t o  n e w l y  f o r m e d  frazil  c r y s t a l s  i n  s u p e r c o o l e d  w a t e r

(Osterkamp a n d  G o s i n k , 1984) . Another mechanism that has been documented to

y i e l d  i n c l u s i o n s  o f  l a r g e r  s e d i m e n t a r y  m a t e r i a l s  ( a s  w e l l  a s  a s s o c i a t e d  benthic

f a u n a  a n d  f l o r a )  i n v o l v e s  d e t a c h m e n t  o f  a n c h o r  i c e  f r o m  t h e  s e a f l o o r  i n  s h a l -

l o w - w a t e r  a r e a s ( D a y t o n  e t  a l . , 1 9 6 9 ;  Reimnitz  e t  a l . ,  1987) . However ,  th is

mechanism does not  appear  to  be adequate  to  exp la in  e i ther  the h igh concent ra-

t i o n s o r  t h e  d i s t i n c t  v e r t i c a l  p r o f i l e s  o f  f i n e - g r a i n e d  s e d i m e n t s  n o t e d  i n  i c e

c o r e s .

Despite these proposed mechanisms, the exact  processes respons ib le  fo r

incorpora t ing  sed iments  in to  the  ice  canopy are  on ly  poor ly  known,  and ex is t ing

i n f o r m a t i o n  i s l a r g e l y e m p i r i c a l , b a s e d  o n o b s e r v a t i o n s  f r o m  i c e  c o r e s

207



c o l l e c t e d  a t s e v e r a l  l o c a t i o n s in  nearshore  areas o f  A laska. Schell  (1980)

rev iewed a  n u m b e r  o f  t h e  p o s s i b i l i t i e s , and proposed mechanisms (summarized in

T a b l e  8 - 1 , can be d iv ided in to  two categor ies : 1 )  d i r e c t  c o n t a c t  b e t w e e n  i c e

and bottom sediments and 2) interact ions between suspended sediments and frazil

i c e  d u r i n g  f r e e z e u p  e v e n t s . These two genera l  types o f  in terac t ions  account

f o r  o b s e r v a t i o n s r e g a r d i n g t h e two c l a s s e s  o f sed iment  types (coarse and

fine-grained)  found in  ice  cores  (Benson and Osterkamp,  1 9 7 4 ) .

W h e n  t h i s  r e s e a r c h  p r o g r a m  w a s  i n i t i a t e d  i n  t h e  f a l l  o f  1 9 8 5 ,  t h e r e

was l i t t le  genera l  consensus about  wh ich  mechan isms were  most  impor tan t ,  o r  i f

a l l  o f the  proposed mechan isms were t e n a b l e . Osterkamp and Gosink  (1984)

suggested t h a t  d i r e c t e n t r a i n m e n t d u r i n g  f r e e z e u p  a n d  d i r e c t  f i l t r a t i o n  b y

frazil  i ce  c rys ta ls  were  the  most  l i ke ly  mechan isms fo r  sed iment  incorpora t ion .

However, d i r e c t e n t r a p m e n t  d u r i n g  f r e e z e u p  d i d  n o t  a c c o u n t  f o r  t h e  e x t r e m e l y

h i g h  s e d i m e n t c o n c e n t r a t i o n  f a c t o r s  o b s e r v e d  i n  t h e  i c e  c a n o p i e s  c o m p a r e d  t o

o b s e r v e d  S P M  l o a d s  i n  t h e  w a t e r  c o l u m n . A l s o ,  i t  w a s  u n c l e a r  t h a t  t h e s e

processes c o u l d  a c c o u n t  f o r  t h e  o b s e r v e d  l o c a l i z e d  s p a t i a l  v a r i a b i l i t y  i n

s e d i m e n t  l e v e l s .

‘I’able 8-1

Possib!e Sediment./Ice Entrainment Processes
(from Osterkamp mci Gosink, 1984)

● Ermainmmtinanchm  ice.flotatiomandincorpotim  intoieecova
● )hrainmmtofriverinc  arrehoricc
e Emrainmmtbyice  gouging
● Entminmmtfollowing  sabedfrcezissgand  reiluatiar

II) REMOVALOFSUSPENDEDSEDIMENTSFROMTEfEWA~COLU~

0 Directmtrainrncntof suspendedscdimmta dusingfscezmsp
● Entraimmmtwith frazilic=fcnmedin Ieadsmdnriacdundemcath Aeicecover
● Entraimnmtwithsinking  brincflow,intesactiosr withwqsendedbtorn  scdimmu,andincospmtion  withicegsowth
● Entraissmmtofk@mr scdimem$withfmil  icecsystalsunderccmiitions  ofstmngturhdent  mixing
* Diszctfdtmtimof suspmdcdsediments  fremseawates
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T h e  p r o c e s s e s  r e s p o n s i b l e  f o r  i n c o r p o r a t i n g  s e d i m e n t s  i n t o  frazil  i ce

r e q u i r e  a mechanism f o r  e f f i c i e n t l y  f i l t e r i n g  p a r t i c l e s  o u t  o f  t h e  w a t e r  a n d

f o r  r e t a i n i n g  s e d i m e n t  p a r t i c l e s  i n  g r o w i n g  i c e  c r y s t a l s . Osterkamp  and Gosink

( 1 9 8 4 )  p r e s e n t e d a  t h e o r e t i c a l  d i s c u s s i o n  o f  i c e  c r y s t a l  f i l t r a t i o n  o f  S P M  t o

demonst ra te  tha t  th is  process cou ld  account  fo r  the  h igh sed iment  concent ra t ion

f a c t o r s o b s e r v e d  i n ice  cores . Howeverp the  authors  a lso  suggested that  the

e f f i c i e n c y  o f  i c e  c r y s t a l  f i l t r a t i o n  a n d  t h e  p e r m e a b i l i t y  o f  frazil  i c e  r e q u i r e

e x p e r i m e n t a l v e r i f i c a t i o n . S p e c i f i c exper iments  des igned to  examine d i rec t

ice /sed iment  in te rac t ions  and SPM ent ra inment  and f i l t ra t ion  processes,  as  we l l

as o t h e r  p o t e n t i a l  m e c h a n i s m s  f o r  t h e  f o r m a t i o n  o f  SPM-laden  sea ice, are pre-

s e n t e d  i n  t h e  f o l l o w i n g  s e c t i o n s ,

I n i t i a l l y , exper iments were conducted to  invest iga te  sed iment  resus-

p e n s i o n  a n d  s c o u r i n g  o f  s u s p e n d e d  p a r t i c u l a t e  m a t e r i a l (SPM) b y  a c t i v e l y

g r o w i n g  frazil  a n d  s l u s h  i c e i n t e r a c t i n g  d i r e c t l y  w i t h  t h e  b o t t o m  ( S e c t i o n

8 . 3 ) .  A s  t h o s e  e x p e r i m e n t s  p r o g r e s s e d ,  h o w e v e r ,  a  n u m b e r  o f  s e l f - c l e a n i n g

mechanisms for  s lush ice  in  an ac t ive  wave or  cur rent  reg ime were  d iscovered,

and these are  cons idered in  Sect ion  8 .4 . B a s e d  o n  t h e  r e s u l t s  o f  t h e s e  i n i t i a l

s t u d i e s ,  i t was c l e a r t h a t  t h e  f o r m a t i o n  o f  d i r t y  s e d i m e n t - l a d e n  i c e  w a s

dependent on the unique sequential  development of a storm event and subsequent

freezeup. T h e r e f o r e ,  a  n u m b e r of new and/or modif ied hypotheses had to be

d e v e l o p e d  t o exp la in  observed sed iment  loads in  natura l  ice  c a n o p i e s .  S e c t i o n

8 . 5  p r e s e n t s t h e  r e s u l t s  f r o m  s e v e r a l  d i r e c t  f i l t r a t i o n  e x p e r i m e n t s  a n d  cold-

room v e r t i c a l column s t u d i e s t o  e x a m i n e the e f fec ts  o f  SPM ent ra inment  by

a c t i v e l y  g r o w i n g and risin& frazil  i c e  a f t e r  a  m a j o r  s t o r m  e v e n t  d u r i n g  f a l l

f r e e z e u p . The resu l ts  f rom these latter  e x p e r i m e n t s  w e r e  p a r t i c u l a r l y  p r o m i s -

i n g a n d  p r o v i d e d  v a l u a b l e ins igh t  on  how a  sed iment - laden ice  canopy might

a c t u a l l y  d e v e l o p . T h e r e f o r e , the  ver t ica l  co lumn exper imenta l  approach and

e q u i p m e n t / i n s t r u m e n t a t i o n were m o d i f i e d ,  a n d  S e c t i o n  8 . 6  p r e s e n t s  t h e  r e s u l t s

o f i n i t i a l s t u d i e s  t o a l l o w q u a n t i f i c a t i o n o f  t h e  h e a t - t r a n s f e r  p r o c e s s e s

d u r i n g  a c t i v e frazil  i c e  g r o w t h  a n d  s e d i m e n t  e n t r a i n m e n t . Such data are

c r i t i c a l f o r  a n y  m o d e l i n g e f f o r t o n  p r e d i c t i n g oil/ice/SPM  i n t e r a c t i o n s .

Before a d d i t i o n a l e x p e r i m e n t a t i o n or  mode l  deve lopment  in  th is  area cou ld  be

completed, however, the program Scope of Work was changed to focus entirely on



t h e  Oil/SPM  i n t e r a c t i o n s ,  w h i c h  w e r e  d e s c r i b e d  e a r l i e r  i n  S e c t i o n s  2 . 0  t h r o u g h

7 . 0 .

8 . 2 EXPERIMENTAL SYSTEM AT KASITSNA

8 . 2 , 1 Flow-Through Wave Tank System

BAY

F r o m  S e c t i o n  8 . 1  i t  i s  a p p a r e n t tha t  numerous invest iga tors  have

observed and c o l l e c t e d S lush ice  conta in ing  ent rapped sed iments ,  and that  a

v a r i e t y o f  h y p o t h e s e s h a v e  b e e n  p r o p o s e d t o  e x p l a i n  t h e  i n c o r p o r a t i o n  o f

d i f f e r e n t s e d i m e n t - s i z e c lasses i n t o  t h e  i c e  m a t r i x . None of the hypotheses

a l o n e , however, i s  c a p a b l e  o f  f u l l y  e x p l a i n i n g  t h e  f i e l d  o b s e r v a t i o n s ;  a n d  a t

t h e  t i m e  t h i s  p r o g r a m  w a s  i n i t i a t e d , there  were  no sys temat ic  exper imenta l  da ta

w h i c h  h a d  b e e n  c o l l e c t e d  u n d e r  c o n t r o l l e d  l a b o r a t o r y  c o n d i t i o n s  t o  i n v e s t i g a t e

the phenomenon.

T h i s  e x p e r i m e n t a l  p r o g r a m  w a s des igned to  examine severa l  poss ib le

mechanisms t h a t  h a d  b e e n  p r o p o s e d  t o  e x p l a i n  t h e  f o r m a t i o n  o f  s e d i m e n t - l a d e n

s e a  i c e  a n d  t h e  p o t e n t i a l  i n f l u e n c e  o f  t h e s e  m e c h a n i s m s  on s e d i m e n t  a n d

p o l l u t a n t  t r a n s p o r t . L a b o r a t o r y exper iments were conducted us ing natura l

seawater  in  a  f low- through wave- tank  sys tem and racet rack  f lume (Kempema,  1986 )

i n s t a l l e d  i n  a  s p e c i a l l y  d e s i g n e d  c o l d  r o o m  a t  t h e  NOiU3 L a b o r a t o r y  a t  Kasitsna

Bay,  A laska. The wave tank and cold room chamber system have been described in

d e t a i l  e l s e w h e r e  ( P a y n e ,  e t  al,,  1984b  a n d  1 9 8 7 a ) .

E s s e n t i a l l y , the  exper imenta l  sys tem cons is ted  o f  a  wa lk - in  co ld  room

equipped wi th  a  f i ve-horsepower  compressor  and f ive- fan evapora tor  un i t  capab le

of  main ta in ing  the  ins ide  room at  tempera tures  as  low as  -38”C. A 2 ,700-2,900

L  f l o w - t h r o u g h  s e a w a t e r  w a v e tank  (3 .5  m x  1 .0  m x  0 .9  m)  was const ruc ted

ins ide t h e  c o l d  r o o m  f o r  t h e  frazi.1  i c e  S P M  i n t e r a c t i o n  s t u d i e s .  W a v e

turbulence was provided by a submerged and hinged paddle attached to an adjust-

a b l e e c c e n t r i c drive-wheel powered by a one-horsepower motor (Figures 8-2 and

8 - 3 ) . The sides, windows, and bot tom of  the  tank  were  insu la ted w i th  2 .3  cm o f

c l o s e d - c e l l  f o a m  t o  e n s u r e  t h a t  s e a w a t e r  c o o l i n g  o c c u r r e d  p r i m a r i l y  t h r o u g h  t h e

a i r / s e a  i n t e r f a c e .
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Figure 8-2. Ovemiew of the 270@ Liter Wave Tank Installed in the Walk In Cold Room at Kasitsna
Bay

Tank dimensions are 3.5 m x 1.0 m x 0.9 m. In the background of the fi ure, the paddle mechanism
!for generating wave turbulence can be observed. The seawater inlet or the flow-through system

is at the base of the V immediately below rhe paddle.
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Figure 8-3. Close-Up of the Wave Paddle System Driven by a 1-HP Motor and Drive Shaft
Connected to an Off-Canter Eccentric Drive Wheel
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F r e s h  s e a w a t e r for the tank was pumped through PVC pipe from a depth

of 3 m below the lowest  low t ide  in  Kas i tsna Bay. T h i s  s e a w a t e r  w a s  f i r s t

passed through a  countercur rent  heat  exchanger  to  recoup re f r igera t ion  capac i ty

f r o m t h e  w a t e r ex i t ing  the  wave tank when opera ted in  the  f low- through mode.

The i n l e t  f o r  t h e f resh seawater  enter ing  the wave tank was located a t  the

l o w e s t  p o i n t of the V-shaped tank bottom beneath the paddle. T h e  p o s i t i o n  o f

t h e incoming seawater  l ine  was des igned to  a l low sed iment  wh ich  se t t led  out  o f

the  water  co lumn in  the  tank  to  be resuspended by  the  in le t  f low. The ex terna l

p lumbing des ign (w i th  i ts  countercur rent  heat  exchanger )  i s  shown schemat ica l ly

i n  F i g u r e  8 - 4 .

T h e  w a v e  t a n k  w a s equipped with external PVC plumbing and impel ler

pumps connected to  in le t  and out le t  f low headers  shown in  F igures  8-4  th rough

8 - 8 . T h e  i n l e t / o u t l e t  f l o w  h e a d e r s  w e r e  d e s i g n e d  t o  a l l o w  a  d i f f u s e  f l o w  o f

seawater  to  be in t roduced in to  one end o f  the  tank and removed a t  the  o ther .

T h e  o u t l e t  h e a d e r s  w e r e  l o c a t e d  a t  a p p r o x i m a t e l y  t h e  s a m e  h e i g h t  a s  t h e  i n l e t

headers , but  a t  the  oppos i te  end o f  the  tank. Th is  ex terna l  p lumbing loop was

d e s i g n e d  t o  p r o v i d e a c losed pump-around c i rcu i t  to  genera te  a  water  cur rent

th rough the  tank  wh ich  cou ld  be used to  tes t  Osterkamp and Gos ink ’s  “F i l t ra t ion

H y p o t h e s i s . ” B y  u s i n g t h i s  p u m p - a r o u n d  r e c i r c u l a t i n g  s y s t e m  w i t h  o n l y  ice-

chamber w a t e r , the  thermal  requ i rements  on the  compressor  and evapora tor  un i t

f o r  t h e  cold  r o o m w e r e  c o n s i d e r a b l y  l e s s  t h a n  i f  a  h i g h e r  s i m u l a t e d  c u r r e n t

f l o w  w e r e s i m p l y  g e n e r a t e d  b y  i n c r e a s i n g  t h e  f l o w - t h r o u g h  r a t e  o f  “ f r e s h ”  b u t

re la t ive ly  warmer  seawater  f rom Kas i tsna Bay. I n - l i n e  d i g i t a l  flowmeters  i n  a n

a d j a c e n t c o n t r o l room were i n s t a l l e d  t o  a l l o w  m e a s u r e m e n t  o f  s e a w a t e r  f l o w

r a t e s t h r o u g h the wave tank. The system thus was designed and constructed to

a l l o w  a s i m u l a t e d  c u r r e n t f low to  be es tab l ished wi th in  a  growing s lush ice

f i e l d . T e m p e r a t u r e  p r o f i l e s  w i t h i n  t h e  g r o w i n g  s l u s h  i c e  f i e l d s  a n d  r e s u l t i n g

s e a  i c e  c a n o p i e s  w e r e m e a s u r e d  w i t h  a  v e r t i c a l  themistor  a r r a y  f r o m  Y e l l o w

Spr ings I n s t r u m e n t s (F igure  8-9)  located a t  the  qu iescent  (or  dead zone;  e .g .

see Bauer and Mart in, 1983) end of the tank. Air temperatures were measured by

two a d d i t i o n a l t h e r m i s t o r  p r o b e s (which could be ❑ oved about the cold room)

c a l i b r a t e d  a g a i n s t  a  l a b o r a t o r y  t h e r m o m e t e r .
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Figure 8-5. Photograph of External Exhaust Headers at Dead-Zone End of Wave Tank

These hcxylers were later insulated with heat tape and foam insulation to p~vent frwzing during
recirculahon experiments.
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Figure 8-6. Photograph of the External Inlet Headers into the Side of the Wave Tank Adjacent
to the Paddle.

These he+ders were later insulated with heat tape and foam insulation to prevent tkezing during
rwrculahon  experiments.
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Figure &7. Photograph of Internal Exhaust Headers and Underwater Light at the Dead-Zone
End of the Wave Tank

Note: l-millimeter mesh lankton net was cemented to each exhaust header nipple to prevent
entrainment of iee during ow-throu h seawater experiments. Also, the threaded end pieces could

~  “  ~duringexperiments.be capped to shut Off flOW as dew

Figure 8-8. Photograph of Internal Inlet Headers for Seawater Circulation System and Close-Up
of Paddle in the Wave-Tank System
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Figure 8-9. Vertical  Thewnistor  Array for Measurement of Seawater Temperatures and for
Temperature Gradients In Surface Ice Canopies

Two portable thermistors (not shown) were used for determination of air temperatures in the cold
room durin each experiment. The thermocouples were attached to a thermocouple readout unit

Jlocated in e adjacent control room.
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8 . 2 . 2 U.S. Geological Suney  Racet rack  F lume

The por tab le  U.S.G.S. racetrack f lume (Kempema, 1986) used in a number

o f t h e exper iments was const ruc ted  o f  a luminum wi th  plexiglas  w indows bu i l t

i n t o one s t r a i g h t  s e g m e n t  ( F i g u r e s  8 - 1 0  a n d  8 - 1 1 ) . The f lume was s imi la r  in

shape to the one used by Carstens (1966) and was 1.2 m long, 75 cm wide, and 32

cm deep, w i t h  a channe 1 w i d t h  o f  2 1  c m . The volume of water in the f lume

d u r i n g an experiment was about 110 L. During use the f lume was placed in the

c o l d room and f i l led  w i th  a  leve l  layer  o f  sand or  f iner -gra ined sed iment  4  cm

t h i c k  o v e r l a i n  b y 17 cm of water. The aluminum sides of the f lume were

insu la ted  w i th  1 .5  cm o f  c losed-ce l l  foam,  and the  bot tom wi th  5  cm o f  foam,  so

that  the  water  coo led predominant ly  f rom the sur face.

C u r r e n t s  i n  t h e f lume were  produced wi th  a  smal l  p las t ic  p rope l le r ,

p o s i t i o n e d i n  t h e  b a c k  s t r a i g h t  s e c t i o n  o f  t h e  f l u m e  a n d  d r i v e n  v i a  a  f l e x i b l e

s h a f t  b y  a  v a r i a b l e - s p e e d  e l e c t r i c  m o t o r . Cur rent  speeds in  the  f lume cou ld  be

var ied  f rom 30 to  70  cm/s . The shape o f  the  f lume and the  ro tary  mot ion  o f  the

p r o p e l l e r r e s u l t e d  i n n o n u n i f o r m  f l o w ;  t h u s , the repor ted cur rent  speeds are

averages. Water  temperatures  dur ing  frazil  ice experiments were measured with

a  p o r t a b l e  t h e r m i s t o r  p r o b e  a t t a c h e d  t o  t h e  d i g i t a l  t h e r m i s t o r  a r r a y  r e a d o u t  i n

t h e c o n t r o l r o o m  ( a c c u r a t e to  + / -  0.025”C)  or a U.S.G.S.  t h e r m i s t o r  s y s t e m

a c c u r a t e  t o  0.004°C.

8 . 3 SEDIMENT RESUSPENSION BY DIRECT FIWZIL/SLUSH  ICE INTERACTION

8 . 3 . 1 I n t r o d u c t i o n

I t  h a s  b e e n suggested t h a t  frazil i c e  m a y  i n t e r a c t  d i r e c t l y  w i t h

b o t t o m  s e d i m e n t s u n d e r  c o n d i t i o n s  o f  h i g h  t u r b u l e n c e  i n  s h a l l o w ,  n e a r - c o a s t a l

waters . Larsen (1980)  proposed that  a  t rans ient  fo rm o f  anchor  ice  may form

wi th  frazil  c rys ta ls  adher ing  to  seabed sed iments . A s  t h e  i c e  c r y s t a l s  c o n t i n u e

to  grow,  the i r  buoyancy increases; a n d  i t  w a s  h y p o t h e s i z e d  t h a t  t h e y  c o u l d  l i f t

t h e sediments to  the  sur face where  they  may become par t  o f  the  f loa t ing  s lush

i c e  f i e l d  w h i c h  c o n g e a l s  a n d  e n t r a p s  t h e m  i n  p l a c e . This mechanism was also
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Figure &ll. Photograph of the U.S. Geological Survey Racetrack Flume Before installation into
the Cold Room
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be l ieved to  he lp  exp la in  the  presence o f  la rger  sand gra ins  and she l l  f ragments

o b s e r v e d  i n  s e l e c t e d  i c e  c o r e s  i n  t h e  f i e l d .

8 , 3 . 2 Sloped-Table/Beach Face Experiments

8 . 3 . 2 . 1  M e t h o d s

Ut i l i z ing  the  co ld  room and wave- tank  sys tem descr ibed in  Sect ion  8 .2 ,

a  ser ies  o f  s loped- tab le /beach- face exper iments  were  under taken to  examine fra-

z i l i c e / s l u s h  i c e  s c o u r i n g  of  s e d i m e n t  d u e  t o  d i r e c t  ice  p l a t e l e t  i n t e r a c t i o n s

w i t h sediment in  the  presence o f  wave turbu lence. A  1 . 8 - m  x  0 , 5 - m  a r t i f i c i a l

beach face was constructed of plywood and placed in the cold room wave tank ,  as

shown schemat ica l l y  in  F igure  8-12. The tab le  sur face was ad jus tab le  in  such a

w a y  tha t  the  fo l lowing parameters  cou ld  be var ied  dur ing  an exper iment :

o bot tom s lope

@ b o t t o m  d e p t h w i t h  r e s p e c t  t o  u n d u l a t i n g  s l u s h  i c e  a n d  frazil  ice
m a t r i x

● sed iment  type

● w a v e / s l u s h  i c e  t u r b u l e n c e

Figures 8-13 and 8-14 show photographs of  the  ad jus tab le  tab le  sys tem

in  the  wave tank  w i th  a  coarse (0 ,3  to  1 .5  mm) sand-sed iment  mat r ix  p resent  fo r

a n  i n i t i a l  s e r i e s  o f  s c o p i n g  e x p e r i m e n t s . A f t e r  i n s t a l l a t i o n  o f  t h e  a r t i f i c i a l

b e a c h  f a c e a n d  s e d i m e n t a r y  m a t e r i a l , the cold room and seawater in the wave-

t a n k  s y s t e m  w e r e  c o o l e d  t o  i n i t i a t e  t h e  f o r m a t i o n  o f  frazil  i ce  as  descr ibed in

Payne e t  a l . ,  1987a.

D i r e c t sediment resuspens ion/ent ra inment  exper iments  were  under taken

w i t h t w o  d i f f e r e n t  s e d i m e n t  t y p e s . The f i rs t  was a  we l l -sor ted  sand sample

f r o m  M c D o n a l d  S p i t and the  second was a  poor ly  sor ted  mix ture  o f  sand,  s i l t ,
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Figure  8-13. Plywood Sloped Table/Beach Face Installed in Wave Tank

The table was installed with a slopeof61. Note tie  upper 15 cm were in the splash zone above
the air/sea interface.

Figure 8-14. Underwater View of Coarse-Grained  Sediment (0.3 to 1.5 mm) on Beach Face With
Traces of Frazii  Ice in the Water Coiumn  immediately Above the Sediment Matrix
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c l a y , and mud co l lec ted  f rom Jakolof  B a y . Tab le  8-2  and F igure  8-15 present

t h e  p a r t i c l e - s i z e  d i s t r i b u t i o n  d a t a  f o r  t h e s e  t w o  s e d i m e n t  t y p e s .

I n  t h e  i n i t i a l  e x p e r i m e n t a l  s e r i e s , the t ray  was c o n f i g u r e d  i n  s u c h  a

way t h a t the beach slope was 6:1. I t  was pos i t ioned a t  a  depth  wh ich  assured

t h a t  b r e a k i n g  w a v e s and newly  fo rmed s lush ice  wou ld  in terac t  w i th  the  upper

1 0  c m  o f  t h e  e x p o s e d b e a c h  f a c e  w h i l e  the  r e m a i n i n g  p a r t  o f  t h e  a d j u s t a b l e

tab le  was beneath  the water  sur face.

8 . 3 . 2 . 2  R e s u l t s

A t  t h e  i n i t i a t i o n  o f  t h e  e x p e r i m e n t  a p p r o x i m a t e l y  4 0 0  g m  o f  t h e  well-

sor ted  McDonald  Sp i t  sand were  p laced on the  ad jus tab le  s lope a t  the  uppermost

and midd le s e c t i o n s  o f  t h e  b e a c h  f a c e  j u s t  u n d e r  t h e  a i r - s e a  i n t e r f a c e . W i t h

wave turbu lence, the sand was observed to  be l i f ted  o f f  o f  the  beach sur face to

a maximum depth of approximately 5 to 7 cm. Wave heights were measured at 1 2

to 18 cm. W i t h  t i m e , some of this sand was moved up along the slope and

d e p o s i t e d  a s  a th in  berm in  the  upper  sp lash zone. Due to  the turbu lence on

t h e  b e a c h  f a c e , a d d i t i o n a l s a n d  g r a i n s were observed to be washed off the

a r t i f i c i a l  s l o p e , and these eventua l ly  se t t led  to  the  bot tom of  the  wave tank .

J u s t  p r i o r  t o  frazil  i c e  f o r m a t i o n , a uniform water column temperature

was m e a s u r e d  a t -1.77”C. W h e n  i n i t i a l  ( t i m e  z e r o )  frazil  i c e  f o r m a t i o n  w a s

n o t e d , t h e t u r b u l e n t reg ime es tab l ished by  the  12-18 cm ampl i tude wave t ra in

was s u f f i c i e n t t o  m a i n t a i n  frazil  f o r m a t i o n  b o t h  a b o v e  a n d  b e l o w  t h e  b e a c h

p l a i n , a n d  little  or  no  sur face- ice  accumula t ion  was noted for  a t  leas t  10-15

minutes . W i t h  t h e  i n i t i a l  frazil  i c e  f o r m a t i o n ,  t h e  o r b i t a l  a c t i o n  o f  t h e

waves moving up the beach surface could be easi ly observed; however, there was

no ev idence o f  a n y s i g n i f i c a n t a c c u m u l a t i o n  o r scaveng ing o f  sed imentary

m a t e r i a l  b y t h e  frazil  i c e  d u r i n g  t h e  f i r s t  2 0  m i n u t e s  o f  t h e  i c e - f o r m a t i o n

e v e n t . Frazil  c r y s t a l s were observed suspended throughout the water column

both  above and be low the beach face and,  in  genera l ,  these p la te le ts  had s izes

rang ing  f rom 1  to  3  mm in  d iameter .  On o c c a s i o n s ,  spicules  of frazil  i c e

c o n t a i n i n g sediment g r a i n s  w e r e observed suspended in the water column, and

iso la ted gra ins  o f  sand were observed in  the  growing ice  canopy in  clasts  b e l o w
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Table  8-2

Grain-Size Distributions for MacDonald Spit Sediment and Jakalof Bay 2 Sediment
Used for OiVke SPFd Interaction Experiments

MACDONALD SPIT
SEDIMENT

OVERALL
PARTICLE SIZE DIS’ITUBUTION SIZE CLASS DISTRIBUTION

Phi Ad@ed Waght cumulative Size Weight
size mm weight Pemfnt Pemcmt Class Pem.mt

-0.5 1.4142 0.6049 3.90 3.90 gravel O.000
0.0 1.0000 1.$459 11.89 15<79 sad 99.957
0.5 0.7071 5.9874 38.56 54.35 silt 0.043
1.0 O.m 5.7858 37.26 91.61 clay O.m
1.5 0.3536 1.2875 8.29 99.90
6.0 0.0156 0.0148 0.10 lWMIO

JAKOLOF BAY 2
SEDMENT

OVERALL
PARTICLE SIZE DIS’IRIBUTION SIZE CLASS DISTIUBUTION

:: nun ‘$&’
weight Cul?lulative Size Weight
Percent Pemult class Percent

0.5 0.7071 0.(L?19 0.30 0.30 grovel O.oco
1.0 0.5000 0.2029 Zao 3.10 Sand 72.527
1.5 0.3536 0.5320 7.34 10.45 silt 22954
2.0 0.2500 0.9544 13.17 23.62 clay 4.519
2.5 o! 1768 1.2067 16.66 40.28
3.0 0<1250 0.9653 13.32 53.64)
3.5 0.0884 0.7734 10.68 tin
4.0 O.(M5 0.5978 $.25 7253
4,5 0.0442 0.2304 3.18 75.71
6.0 0.0156 1.2144 16.76 92.47

11.0 0.CO05 0.5456 7.53 100.0
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t h e  frazil  i c e / a i r - s e a  i n t e r f a c e  a f t e r  a p p r o x i m a t e l y  3 0 - 4 0  m i n u t e s .  W h e n  s u c h

sed iment - laden c r y s t a l s were noted, however, t h e  s a n d  g r a i n s ex is ted  as

ent rapped spec ies w i t h i n  t h e  i n t e r s t i c e s  o f  sintered  frazil  i c e  c r y s t a l  f l o e s

which were a d h e r i n g  t o each o t h e r in  the  water  co lumn. T h a t  i s , the sand

g r a i n s d id  not  appear  to  be ~  o f  the  ice  c rys ta l  o r  a  source o f  nuc leat ion .

F r o m  t h e s e o b s e r v a t i o n s  i t was n o t  p o s s i b l e  t o  d e t e r m i n e  i f  s u c h  i c e b o u n d

s e d i m e n t  g r a i n s  w e r e  r e s u s p e n d e d  b y  “ a c t i v e ” i c e  f r o m  t h e  a r t i f i c i a l  b e a c h

face, or if the sand grains had f irst been washed off  the beach face by wave

t u r b u l e n c e  a n d  t h e n  p o s s i b l y  t r a p p e d  b y  g r o w i n g  frazil  during their fal l  to the

bot tom of  the  tank .

A p p r o x i m a t e l y 1  h r  a f t e r  t h e  i n i t i a l  f o r m a t i o n  o f  frazil  i c e ,  1 - 2  c m

o f slush ice had accumulated underneath the beach slope surface and 2-3 cm had

s u r f a c e d  a t the rec i rcu la t ing  water  supp ly  headers  a t  the  a f t  (dead zone)  end

o f t h e t a n k . Perhaps a  dozen agg lomerat ions  o f  i ce  c rys ta ls  conta in ing  sed i -

m e n t  p a r t i c l e s  w e r e observed in  the  water  co lumn,  and severa l  o f  these were

noted to  accumula te  in  the  upper  s lush ice  sur face.

B e c a u s e  o f  t h e  w a v e  t u r b u l e n c e , there  was not  any  accumula t ion  o f

a n c h o r  o r frazil  i c e on the  submerged sed iments  conta ined on the  ar t i f i c ia l

b e a c h  f a c e , a l though there  was a  s ign i f i cant  i ce  foo t  (Kaimoo)  o f  s e d i m e n t  a n d

i c e which had accumula ted a t  the  upper  end o f  the  sp lash zone on the exposed

beach face.

A p p r o x i m a t e l y  3  h r  a f t e r  t h e  i n i t i a l  frazil  i c e  c r y s t a l s  w e r e  n o t e d ,  a

t o t a l of 3-6 cm of ice growth had occurred on the upper exposed surface of the

beach face. H igher  leve ls  o f  s lush ice  had grown in  the  water  co lumn downs lope

f r o m  t h e  b e a c h  f a c e ,  r e s u l t i n g  i n observab le  wave and s lush ice-media ted

sed iment m i g r a t i o n  o n t h e  a r t i f i c i a l  p l a i n s u r f a c e . As t h e s l u s h  ice

a c c u m u l a t e d  o n t h e w a t e r s u r f a c e , wave turbu lence throughout  the  tank was

d i m i n i s h e d , r e s u l t i n g  i n  a  s i g n i f i c a n t l y  r e d u c e d  c o n c e n t r a t i o n  o f  s u s p e n d e d

frazil  i c e  i n  t h e  w a t e r  c o l u m n .  After  4  h o u r s ,  t h e  s u r f a c e  slush  i c e  w a s  2 t o

4 cm thick; however, as the slush ice f ield was worked by each passing wave,

t h e  g r i n d i n g a c t i o n  o f  t h e  i n d i v i d u a l  0 . 5  t o  1  c m  i c e  p l a t e l e t s  o n  e a c h  o t h e r
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was r e a d i l y a p p a r e n t , and t h e r e s u l t i n g a c t i o n appeared to  d is lodge any

sed iment  mater ia l  wh ich  had prev ious ly  been t rapped.

Addit ional ice growth was al lowed to occur  under  cont inued wave turbu-

l e n c e A f t e r 24 hr the slush ice grew to a depth of 10 to 23 cm. S lush  ice

samples were t h e n co l lec ted and mel ted  fo r  sed iment  de terminat ions ;  however ,

they  fa i led  to  show any accumula t ion  o f  the  sand-s ized mater ia l .

8 . 3 , 3 Hor izonta l  Table  E x p e r i m e n t s

8 . 3 . 3 . 1  M e t h o d s

The resu l ts  f rom the s lop ing beach- face exper iment  suggested tha t  very

l i t t l e , i f  a n y , sed iment  resuspens ion occur red and tha t  the  s lush ice  mat r ix

i t s e l f  m a y  h a v e  b e e n  s u b j e c t  to  s e l f - c l e a n i n g < T h e r e f o r e , t h e  a r t i f i c i a l

b e a c h - f a c e  s u r f a c e  w a s a d j u s t e d  t o  p o s i t i o n  t h e  h o r i z o n t a l  p l a i n  t o  i n t e r a c t

j u s t w i t h t h e  b o t t o m  o f t h e  a c t i v e s l u s h  i c e  f i e l d . This experiment was

des igned s o  t h a t  t h e  s l u s h  i c e  m a t r i x  c o u l d  i n t e r a c t  w i t h  t h e  s e d i m e n t  s u r f a c e

in the absence of the current set up by the waves passing up and down the beach

s l o p e  i n  a  t r a n s v e r s e  f a s h i o n . A to ta l  s lush  ice  th ickness  o f  18  cm was noted,

and add i t iona l  coarse-gra ined wel l -sor ted sed iment  was added to  the  t ray  w i th  a

funne 1, t a k i n g c a r e  n o t  t o  i n c o r p o r a t e  a n y  o f  t h e  s e d i m e n t  i n t o  t h e  o v e r l y i n g

s l u s h  i c e  f i e l d . Wi th  cont inued wave ag i ta t ion , t h e  s e d i m e n t  i n  t h e  h o r i z o n t a l

t r a y was n o t e d to  fo rm a  ser ies  o f  berms on top  o f  the  t ray  i tse l f ,  and some

resuspens ion of  very  f ine  mater ia l  cou ld  be seen mov ing back and fo r th  between

t h e  b e r m s  w i t h  e a c h  p a s s i n g  w a v e . At the t ime of  t h e s e  a d j u s t m e n t s ,  t h e

u n d e r s i d e of the ice surface was approximately 5 cm above the sediment, and no

d i r e c t  i n t e r a c t i o n  o c c u r r e d .

A d d i t i o n a l i c e  g r o w t h  w a s  c o n t i n u e d

i c e s u r f a c e c a m e  i n t o  d i r e c t  c o n t a c t  w i t h

u n d e r  w a v e  t u r b u l e n c e ,  u n t i l  t h e

t h e  h o r i z o n t a l  s e d i m e n t  s u r f a c e ;

however, even then there  was no s ign i f i cant  accumula t ion  o f  any  sed iment  in  the

i c e canopy. As a r e s u l t , the  exper iment  was te rminated in  the  in teres t  o f

a t t e m p t i n g a d d i t i o n a l s t u d i e s us ing  much f iner -gra ined sed imentary  mater ia l .

I n  a d d i t i o n ,  i t  w a s a n t i c i p a t e d  t h a t  t h e  s t u d y  s h o u l d  f o c u s  o n  t h e  c r i t i c a l
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moments o f i n i t i a l  frazil  i c e  f o r m a t i o n , when the ice may be in a more act ive

o r “ s t i c k y ” s t a t e and enhanced sediment accumula t ion m i g h t  b e  e x p e c t e d .

T h e r e f o r e , i n  p r e p a r a t i o n  f o r  t h e  n e x t  s e r i e s  o f  e x p e r i e m e n t s ,  t h e  c o l d  r o o m

was a l l o w e d  t o warm, and a l l t r a c e s  o f  o l d e r  ice  ( l e s s  s t i c k y )  a n d  c o a r s e

sed imentary  mater ia l  were  c leaned f rom the tank .

T h e  g r a i n - s i z e d i s t r i b u t i o n  d a t a  f o r  t h e  f i n e r  s e d i m e n t a r y  m a t e r i a l

u s e d  i n the subsequent experiments were presented in Table 8-2 (designated as

“Jakolof  2 “ ) . As shown by the data in the table, a  s i g n i f i c a n t  p o r t i o n  ( 7 2 % )

was s t i l l  r e p r e s e n t e d  b y  s a n d ;  h o w e v e r , 27% was represented by mud (22.9% si l t

a n d  4 . 5 %  c l a y ) . A to ta l  o f  four  wave- tank  exper iments  were  under taken wi th

t h i s  f i n e r sed imentary  mater ia l . In  each exper iment , t h e  h o r i z o n t a l  s e d i m e n t

l a y e r  w a s  a d j u s t e d  t o  j u s t  w i t h i n  t h e  e d g e  o f  t h e  s l u s h  i c e  field  b e i n g  pumped

b y  t h e  w a v e  train. The data  f rom these f iner -gra ined 5PM exper iments  are

presented in  Tab le  8-3 .

W i t h  t h e i n t r o d u c t i o n  of  t h e  f i n e r  s e d i m e n t a r y  m a t e r i a l ,  s i g n i f i c a n t

s u s p e n d e d  p a r t i c u l a t e m a t e r i a l loads cou ld  eas i ly  be  main ta ined in  the  water

column, a s  d e m o n s t r a t e d  b y  t h e SPM loads in  the  tab le ;  however ,  subsur face

v i s i b i l i t y  w a s i m m e d i a t e l y  r e d u c e d  CO z e r o . T h e r e f o r e , a l l subsequent

d e t e r m i n a t i o n s  of  s e d i m e n t ent ra inment  by  frazil  and grease ice  mat r ices  and

SPM loads in the water column had to be completed by gravimetric  ana lyses .

T i m e - s e r i e s samples of  seawater  and frazil  i ce  were  co l lec ted dur ing

t h e i c e - f o r m a t i o n events a l l o w i n g s i m u l t a n e o u s  d e t e r m i n a t i o n s  o f  w a t e r  a n d

frazil  i c e  S P M  l o a d s . T o  c o m p l e t e  t h i s  a c t i v i t y , the  padd le  was temporar i l y

tu rned o f f  and 30 sec was a l lowed for  frazil  i ce  th roughout  the  water  co lumn to

reach t h e  u p p e r seawater s u r f a c e before a water sample was siphoned from a

depth  o f  45 cm, Six ty  seconds a f te r  the  padd le  was tu rned o f f ,  the  sur face ice

was c o l l e c t e d  w i t h  a  l-mm  s t a i n l e s s - s t e e l  s i e v e ,  a n d  a f t e r  d r a i n i n g ,  t h e  i c e

was t ransfer red to  a  beaker  where  i t  was a l lowed to  thaw.

5PM measurements w e r e  d e t e r m i n e d  gravimetrically, as  descr ibed in

S e c t i o n 4 . 2 . 7  a n d  b y  P a y n e  e t  a l .  (1987b). Br ie f l y ,  a  measured vo lume o f  a

g i v e n sample was v a c u u m  f i l t e r e d  ( <  1 0  c m  Hg) through a  preweighed,  4 7 - m m
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Table 8-3

Results of Gravimetric Analyses of SPM Loads in Surface Slush Ice and the Water Column
During Wave Tank Experiments

SPM LOAD N.
Elapsed

Tne Tune Water
Date m) (rein) SPM TW (mg/L) (:%) Gmlllmlts

16-Feb-86 1520 0 Jakolof 2 636 (no ice)
1645 85 463 307 Fmt du~h i= St 1630 hrs
1715 115 399 220
1WY3 160 368 238
2030 310 276 140

18-Feb-86 I 357 0 Jakolof 2 217 m Sampled righ[ nt teginrting of frazil ice fomtation
1420 23 NA 157
1940 343 NA 59 Submerged ice fran water column
1940 343 NA 51 Surface slush ice from kmdin8  edge of ice wedge

19-Feb-86 1506 0 Jakolof 2 526 421 First slush ice scrapped off water surface
1527 21 NA 370 Middle of slush ice field (W-6)
1527 21 NA 240 At leading edge of slush ice field (W-5)
18s5 229 NA 166 Middle of slush ice field (WA)
1855 229 NA 40 At k-ding af8e of skds im field W-2)

23-Fcb-86 1230 0 Jakolof 2 464
1404 94 414 151 Fiit  accurmdatkm  of slush ice al waser surface
1s540 2s0 278 104 Slush ice 8 cm thick at W-6

250 278 169 At leading edge of slush ice field at W-5
E 573 NA 47
2315 645 137 77
2315 645 137 104 Surface slush ice first mixed down into SPM-rich

water cohn-rm,  then ice allowed to resurface

NA = not available

d i a m e t e r p o l y e s t e r o r  polycarbonate  m e m b r a n e  f i l t e r  ( O .  4  pm p o r e  s i z e ;

Nuclepore)  . I f  s u b s e q u e n t  m e t h a n o l  a n d  methylene  ch lor ide  ex t rac t ions  o f  the

SPM on the  f i l te rs  were  in tended fo r  FID-GC  h y d r o c a r b o n  a n a l y s e s ,  t h e  p o l y e s t e r

membranes were used. Otherwise , t h e  polycarbonate  f i l t e r s  w e r e  u s e d .  T h e

f i l t e r t h e n  r e c e i v e d  a  f i n a l  v a c u u m  r i n s e  w i t h  f r e s h w a t e r  t o  r e m o v e  r e s i d u a l

sea s a l t s , and a l l seawater a n d  f r e s h w a t e r  f i l t r a t e s  w e r e  d i s c a r d e d .  F o r

samples r e q u i r i n g  h y d r o c a r b o n  a n a l y s e s , s e q u e n t i a l  v a c u u m  f i l t r a t i o n s  t h r o u g h

t h e  f i l t e r  w e r e then per formed wi th  1)  10 mL methanol and 2) 30 mL methylene

c h l o r i d e . The l a t t e r s o l v e n t f i l t r a t e s  w e r e  t h e n c o n c e n t r a t e d  b y
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Kuderna-Danish so lvent  reduct ion  and ana lyzed by  f lame ion iza t ion  detec tor -gas

c h r o m a t o g r a p h y  (FID-GC)  as  descr ibed in  Sect ion  4 .2 .7 .

For a  to ta l  SPM load determinat ion , t h e  f r e s h w a t e r  a n d  s o l v e n t - r i n s e d

m e m b r a n e  f i l t e r  w a s p l a c e d  i n  a  d e s i c c a t o r  u n t i l  c o n s t a n t  f i l t e r - w e i g h t  m e a -

surements were o b t a i n e d . T h e  d i f f e r e n c e  b e t w e e n  t h e  i n i t i a l  t a r e  w e i g h t  f o r

t h e  f i l t e r  a n d  its f i n a l  w e i g h t , conta in ing  so lvent - r insed SPM,  was used to

determine the  to ta l  SPM load in  the  sample . B e c a u s e  t h e  p o l y e s t e r  f i l t e r s  w e r e

h i g h l y  e f f i c i e n t  i n  r e t a i n i n g “ f r e e ”  o i l  d r o p l e t s  a s  w e l l  a s  S P M ,  t h e  f i n a l

sample  f i l t ra t ion  r inses  w i th  methano l  and methylene  c h l o r i d e  w e r e  n e c e s s a r y  t o

o b t a i n SPM weight  es t imates  independent  o f  accompany ing o i l  quant i t ies  present

as e i t h e r ,Ifreell oil  d rop le ts  or  oil/SPM  a g g l o m e r a t e s  i n  t h e  e x p e r i m e n t s  i n

which oiled SPM was used.

8 . 3 . 3 . 2  R e s u l t s

A s  s h o w n  b y  t h e  d a t a  i n  T a b l e

i c e samples c o n t a i n i n g  e l e v a t e d  l e v e l s

t h i s  f i n e r  s e d i m e n t  s o u r c e ;  h o w e v e r ,  it

8-3, i t  was p o s s i b l e  t o  g e n e r a t e  s l u s h

o f  s u s p e n d e d  p a r t i c u l a t e  m a t e r i a l  w i t h

shou ld  a lso  be noted that ,  in  genera l ,

the concentrat ions of SPM in the ice were less than the background SPM loads in

t h e  w a t e r column, Fur thermore , the data  in  the  tab le  demonst ra te  tha t  there

w a s  a  s i g n i f i c a n t  r e d u c t i o n  o f  t h e  s e d i m e n t  load  in  the  s lush  ice  w i th  t ime due

to  the  tu rbu lence reg ime in t roduced by  the  pass ing wave t ra ins . I n  a d d i t i o n  t o

t h e  gravimetric d e t e r m i n a t i o n  s h o w i n g  t h e  s e l f - c l e a n i n g  n a t u r e  o f  t h e  s u r f a c e

i c e , t h i s cou ld  a lso  be observed through the windows located in  the  s ides o f

t h e  t a n k . Wi th  increased e lapsed t ime in  each exper iment ,  the  upper  sur face o f

accumula t ing  s lush ice  usua l ly  appeared to  get  wh i te r  o r  c leaner .

T h e r e  w a s

umn compared to the

1986)  the  SPM load

one except ion  to  the

SPM load in the slush

in  the frazil  i c e  w a s

l o a d  i n the w a t e r  c o l u m n  o f  2 1 7  m g / L .

h igher  ra t io  o f  SPM in  the  water  col-

i c e . In  th is  exper iment  (18  February

300 mg/L compared to a background SPM

T h a t  frazil  i ce  sample  was co l lec ted

i m m e d i a t e l y a t  t h e  i n i t i a t i o n  of  the frazil  i c e - f o r m a t i o n  e v e n t  w h e n  t h e  frazil

i c e  w a s  b e l i e v e d  t o  b e  i n  a n  a c t i v e  o r  s t i c k y  s t a t e . At the t ime these samples

were c o l l e c t e d , t h e w a t e r t e m p e r a t u r e  w a s  -1.9°C,  and i t  may have just gone
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th rough a  min imal  per iod  o f  supercoo l ing . However, even wi th  cont inued t ime,  a

s i g n i f i c a n t c l e a n s i n g  o f t h e  s e d i m e n t  l o a d  i n  t h e  s l u s h  i c e  f i e l d  w a s  n o t e d

w i t h  s u b s e q u e n t values of 157 mg/L at 23 rein, and 59 mg/L, and 51 mg/L at 343

m i n  a f t e r  t h e  i c e - f o r m a t i o n  e v e n t .

Thus , i n  a s  l i t t l e  a s  2 3  m i n u t e s  a f t e r  t h e  i n i t i a l  i c e  c o l l e c t i o n ,  t h e

frazil  ice showed a 50% reduction in SPM l o a d . Of  the  two samples  co l lec ted  a t

343 re in , one was f rom the submerged frazil  i ce  p la te le ts  immedia te ly  ad jacent

t o t h e  p a d d l e  ( a n d  b e l i e v e d  t o  b e  f r e s h l y  f o r m e d  a n d  p o s s i b l y  s t i l l  “ s t i c k y ” ) ,

and t h e o t h e r w a s  f r o m  t h e  s u r f a c e  s l u s h  i c e  at t h e  l e a d i n g  e d g e  o f  t h e  i c e

w e d g e ,  w h i c h  h a d  b e e n  s u b j e c t e d  t o  a d d i t i o n a l  a g i t a t i o n  i n  t h e  w a v e  f i e l d .  T h e

S P M  c o n c e n t r a t i o n s in  both  samples  were  so  c lose tha t  i t  was not  poss ib le  to

d i s t i n g u i s h  a n y  d i f f e r e n c e  i n  s e d i m e n t l o a d . N e v e r t h e l e s s , t h i s  w a v e - t a n k

exper iment  d id  show that  h igh  sed iment  loads (50% greater  than the sur round ing

seawater ) were o b s e r v e d  i n t h e s l u s h  i c e immedia te ly a f t e r  t h e  i n i t i a l

i c e - f o r m a t i o n event . Thus , t h e r e was some ev idence f o r  s c a v e n g i n g  o r

s t i c k i n e s s  i n t h e  frazil tha t  was f i rs t  fo rmed in  the  wave- tank  exper iment ;

however, i t  was very  shor t - l i ved and was not  observed in  the  o ther  exper iments ,

w h e n  s a m p l i n g was somewhat later and the surface slush ice was wel l  worked by

the  wave t ra in .

As e v i d e n t  f r o m  t h e  d a t a in  Tab le  8-3 ,  seawater  samples  were  not

a l w a y s  c o l l e c t e d  i n  p a r a l l e l  w i t h  frazil  i c e - s a m p l i n g  e v e n t s ,  s o  t h e r e  a r e  o n l y

l i m i t e d  d a t a t o  i l l u s t r a t e  w h e t h e r  a  d e c l i n e  i n  o v e r a l l  S P M  l o a d  i n  t h e  w a t e r

column was a l s o o c c u r r i n g o v e r the  t ime f rame o f  these exper iments . I t  is

b e l i e v e d  t h a t  t h i s  w a s  t h e  c a s e ,  a s shown by the data for the 16 and 23

February e x p e r i m e n t s  i n which both water column and ice canopy SPM determi-

n a t i o n s were completed. However, w i t h o u t  d a t a  f r o m  a l l  f o u r  e x p e r i m e n t s  i t  i s

n o t  p o s s i b l e t o  b e  c e r t a i n  o f  t h e s e  r e s u l t s . The reduct ion  in  suspended

p a r t i c u l a t e m a t e r i a l  loads in  the  water  co lumn is  be l ieved to  have been caused

by the  decrease in  tu rbu lence due to  the  reduct ion  in  wave ampl i tude wi th  t ime.

The wave a m p l i t u d e  w a s  s i g n i f i c a n t l y  a t t e n u a t e d  a n d  e v e n t u a l l y  e l i m i n a t e d  b y

t h e v i s c o u s n a t u r e o f t h e  g r o w i n g  s l u s h  i c e  f i e l d  a s  t h e  e x p e r i m e n t s

progressed. N a t u r a l l y , as  the  tu rbu lence in  the  water  co lumn subs ided,  there
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w a s no longer  a  dr iv ing  fo rce  to  main ta in  the  h igher  SPM loads observed a t  the

beg inn ing o f  each exper iment .

Because o f  the  la rge vo lume o f  the  wave tank ,  i t  took  severa l  days  to

c l e a n i t  o f  a l l  t races  o f  i ce  and sed iment  be tween exper iments . T h e r e f o r e ,  i t

was  imposs ib le  to  c o m p l e t e  a n d  i n i t i a t e  e x p e r i m e n t s  i n  a  t i m e - e f f i c i e n t  m a n n e r .

Fur thermore , i t  w a s  n o t  p o s s i b l e  t o  i n t r o d u c e  s u f f i c i e n t  t u r b u l e n c e  t o  a c h i e v e

adequate  supercoo l ing  o f  the  ent i re  water  vo lume wi thout  the  “premature”  fo rma-

t i o n  o f  frazil  i c e .  T h e r e f o r e , add i t iona l  exper iments  to  examine the  ac t ive

form o f  frazil  w e r e  c o n d u c t e d  i n  t h e  r a c e t r a c k  f l u m e ,  r a t h e r  t h a n  in  t h e  w a v e

t a n k . W i t h  t h e  f l u m e ,  h i g h e r  c u r r e n t  s p e e d s  w e r e  p o s s i b l e ,  a n d  t h e  s m a l l e r

w a t e r volume al lowed more control of the supercool ing phenomena. I n  a d d i t i o n ,

the  smal le r  s ize  o f  the  sys tem a l lowed a  more  rap id  tu rnaround o f  exper iments .

8 . 3 . 4 Racetrack Flume Experiments on Sediment Resuspension and Scavenging
b y  A c t i v e  Frazil  Ice

8 . 3 . 4 . 1  I n t r o d u c t i o n

Wi th  the  somewhat  ambiguous resu l ts  f rom o f  the  wave tank  exper iments

(des igned to  examine the  scour ing  and ent ra inment  o f  sed iment  by  an undu la t ing

s l u s h  i c e f i e l d  i n t e r a c t i n g  w i t h  a  s e d i m e n t  b e d ) , racet rack  f lume exper iments

were u n d e r t a k e n  i n s t e a d . These were des igned to  observe the in terac t ions  of

frazil  and anchor ice w i t h  fine-grained  s e d i m e n t ,

m a t e r i a l i n  f r e s h  a n d  s a l t w a t e r  s y s t e m s .  I n

speed and sediment type were varied to document

i n t e r a c t i o n s .

8 . 3 . 4 . 2  M e t h o d s

A  t o t a l  o f  s i x  c o m p l e t e  r a c e t r a c k  f l u m e

both in suspension and as bed

a d d i t i o n  t o  s a l i n i t y ,  c u r r e n t

t h e i r  e f f e c t s  o n  s e d i m e n t / i c e

experiments were performed at

Kasitsna  B a y . F o r  a n exper iment , the  f lume (see Sect ion  8 .2 .2)  was p laced

i n s i d e t h e walk- in c o l d  r o o m , and the ins ide a i r  temperature  was lowered to

between -19  a n d  -25”C. A i r  tempera ture  was measured to  +/-0.025°C  with the

d i g i t a l t h e r m i s t o r a r r a y s e v e r a l t imes dur ing  each f lume exper iment . Water
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temperature was measured with  a t h e r m i s t o r a c c u r a t e t o  0.004”C. T h i s

thermis tor  was inser ted  to  a  water  depth  o f  9  cm a t  a  tu rn  in  the  f lume (F igure

8 - 1 0 ) . Care was taken dur ing the per iod o f  frazil  fo rmat ion  to  assure  tha t  no

frazil  s t u c k co t h e  t h e r m i s t o r , wh ich  wou ld  have resu l ted  in  anomalous ly  h igh

temperature r e a d i n g s . T o  a v o i d  t h i s problem, t h e t h e r m i s t o r  p r o b e  w a s

m e c h a n i c a l l y  c l e a n e d  d u r i n g  p e r i o d s of  frazil  f o r m a t i o n ,  o r  t h e  p r o b e  w a s

c o a t e d w i t h s i l i c o n e  g r e a s e  t o  r e t a r d  t h e  frazil  a d h e s i o n . For these

experiments , l o c a l  s e a w a t e r  ( s a l i n i t y  o f  3 1 - 3 2  p p t )  w a s  u s e d ;  a n d  s p o t

measurements o f w a t e r temperature were r e c o r d e d  m a n u a l l y ,  s o i t  was not

p o s s i b l e t o  d e v e l o p  c o m p l e t e t ime- tempera ture  curves . However, enough data

p o i n t s  w e r e  c o l l e c t e d  t o  d e t e r m i n e  Tm a n d  T e and to  determine the per iod  o f

m a x i m u m  frazil  production and associated r ise in temperature.

I t  i s  n o r m a l l y  i m p o r t a n t t o  s e e d  s u p e r c o o l e d  w a t e r  t o  i n i t i a t e  t h e

growth o f  frazil, and i n  c a r e f u l l y  c o n t r o l l e d  l a b o r a t o r y  e x p e r i m e n t s ,  i t  i s

re la t ive ly  s imple  to  ge t  supercoo l ing  o f  a t  leas t  2°C (e .g .  ,  Hanley  a n d  T s a n g ,

1984)  . I n  t h e s e  e x p e r i m e n t s ,  h o w e v e r , a r t i f i c i a l  s e e d i n g  w a s  n o t  n e c e s s a r y .

T h e r e  w e r e a p p a r e n t l y  e n o u g h  i c e  c r y s t a l s  i n  t h e  a i r  t h a t  f e l l  i n t o  t h e  w a t e r

t o i n i t i a t e  frazil  g r o w t h , and the degree of maximum supercool ing was close to

t h a t  s e e n  i n  n a t u r a l  s e t t i n g s .

A t  a l l  c u r r e n t speeds used in the f lume, the sand moved as both bed

load and suspended load. Wel l -deve loped r ipp les  up to  7  cm h igh fo rmed in  the

s t r a i g h t s e g m e n t s  o f the  f lume when cur rent  speeds were  be low 60 cm/s .  A t

c u r r e n t speeds a b o v e  6 0  c m / s , these r i p p l e s were destroyed, and the sand

assumed a f l a t - b e d  c o n f i g u r a t i o n . Because f low in the f lume was not uniform,

s e v e r a l  d e a d  s p o t s or depositional  a reas fo rmed, e s p e c i a l l y  a l o n g  t h e  i n s i d e

t u r n s o f t h e  f l u m e  a n d t h e  b a c k  s t r a i g h t s e g m e n t  j u s t  u p s t r e a m  o f  t h e

p r o p e l l e r . I n  a  s i m i l a r  f a s h i o n ,  a l o n g  t h e  o u t s i d e  o f  t h e  t u r n s  a n d  d i r e c t l y

downstream from the prope l le r  were  areas o f  scour ing.  However ,  the  area a long

the w indow genera l ly  main ta ined a  cover  o f  a t  leas t  2  cm o f  sed iment  th roughout

a n y  g i v e n  e x p e r i m e n t , a n d  i t c o n t a i n e d  n o r e g i o n s  o f  c o n s i s t e n t  s c o u r  o r

d e p o s i t i o n . F low cond i t ions  in  the  area o f  the  w indow appeared un i fo rm across

the e n t i r e w i d t h of  the  channe l ;  migra t ing  bedforms  usua l ly  reached f rom one

w a l l  o f  t h e  c h a n n e l  t o  t h e  o t h e r .
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W h e n  p o s s i b l e , samples of  frazil  a n d  a n c h o r  i c e  w e r e  c o l l e c t e d  t o

d e t e r m i n e  s e d i m e n t  c o n c e n t r a t i o n s . Ice  samples  were  co l lec ted  w i th  a  smal l

s t r a i n e r , and as much water as possible was shaken out of the ice before i t  was

t r a n s f e r r e d  t o  a  b e a k e r  f o r  m e l t i n g . Af te r  the  ice  had mel ted ,  the  sample  was

processed in the same way as the suspended-sediment samples (see Section

8 . 3 . 3 . 1 ) .

I n  t w o  e x p e r i m e n t s , sed iment  was contaminated w i th  modera te  leve ls  o f

f r e s h  ( u n w e a t h e r e d )  P r u d h o e  B a y  c r u d e o i l  ( o b t a i n e d  f r o m  oil/SPM  stirred-

chamber e x p e r i m e n t s  ( P a y n e  e t  a l . ,  1987b)).  Thus,  t h e  oiled  SpM used  i n  t h e

exper iments was representa t ive  o f  the  type mater ia l  tha t  wou ld  be encountered

a f t e r  a n o i l  s p i l l  e v e n t i n  SPM-rich  w a t e r s . I n  g e n e r a l , the  exper iments

f o c u s e d  o n  i n t e r a c t i o n s  o f  frazil  a n d  s e d i m e n t  i n  t h e  w a t e r  c o l u m n .  T w o  t y p e s

o f w a t e r samples  were  co l lec ted : the  f i rs t  was water  s iphoned f rom mid-water

d e p t h , and t h e second w a s  i n t e r s t i t i a l  w a t e r  t h a t  d r a i n e d  f r o m  t h e  f l o a t i n g

frazil-slush  samples.

8 .3 .4 ,3  R e s u l t s  a n d  D i s c u s s i o n  - - I n t e r a c t i o n  of  Frazil  w i t h  S u s p e n d e d
Sediment

I n  t h e  e x p e r i m e n t s  p r e s e n t e d  i n  T a b l e  8 - 4 ,  t h e  w a t e r  c o l u m n  s a m p l e s

and  frazil  i ce  samples  were  taken dur ing  the  tempera ture  r ise  f rom T t o  T e a n d
m

t h e n  a t  h a l f - h o u r  a n d  2 - h r  i n t e r v a l s  a f t e r  c o l l e c t i o n  o f  t h e  o r i g i n a l  s a m p l e s .

The data  in  Tab le  8-4  and F igure  8-16 i l lus t ra te  tha t  the  5PM concent ra t ions  in

frazil/slush  ice  were  s ign i f i cant ly  h igher  than in  t h e  w a t e r  c o l u m n  i m m e d i a t e l y

a f t e r t h e  s u p e r c o o l i n g e v e n t . As  in  the  wave- tank  exper iments ,  however ,  the

frazil  i c e 5 P M  c o n c e n t r a t i o n s  s u b s e q u e n t l y  d e c r e a s e d  u n t i l ,  a f t e r  2  h r ,  t h e y

w e r e  l o w e r  t h a n in  the  cor respond ing water -co lumn samples .  As  shown by  the

d a t a  i n  t h e  t a b l e ,  p r e v i o u s  c o n t a m i n a t i o n  o f  a  s e d i m e n t  w i t h  o i l  d i d  n o t  h a v e

any s i g n i f i c a n t e f f e c t  o n i t s  b e h a v i o r w i t h  t h e  frazil  i c e  c o m p a r e d  t o

uncontaminated sed iment .

From these data  i t  appears  tha t  the  quest ion  as  to  whether  frazil  i ce

is  s t i c k y i n  s a l t w a t e r  r e m a i n s  c o n t r o v e r s i a l . S p e c i f i c a l l y ,  w h i l e  l a b o r a t o r y
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Table 8-4

Results of (kavimetric  Anal ses of SI%4 Loads of Slush Ice and Water Column Samples
&Collected uring  the Racetrack Flume Experiments

SPM LOAD IN:
Elapsed

l-mm Tme Water FraziJ Ia
Date m) (miss) SPM T@ (mg/L) (rng/L) Canmcrlu

17-Feb-87
17-Fcb-S7

lCOO
1015

0
15

Unoiled
Jakolof 2

1,370
1330

2?240 Currmt speed= 70 Cm/seq sampled immediately
after supmxdtrg

17-Feb-S7 1346 0 Unoiled
Jakolof 2

711 3260 current Spad = 70 Crn/Sec sampled immed.iatefy
after wqxxwdng

Curmrst speed= 70 crrdsec sampled widtin  2
minutes of maximum supercooling

20-Feb-86
20-Feb-S6
20-Feb-M

1947
2017
2220

0
30
153

Unoiled
Jakolof 2

54
64
48

74
43
27

26-Feb-85
26-Feb-86
26-Fcb-&5

1925
1955
2127

0
30

122

Unoiled
Jakolof 2

g9
91
54

714
75
38

Current speed =70 csdse~ sampled immediately
after uspccdirtg

23-Feb-86
23-Feb-S6
23-Feb-86

1350
1420
1550

0
30

120

oiled
Jakolof 2

110
103
86

495
390

77

Current speed =70 anhe~ sampled immediately
after supercooling

23-Feb-86
23-Feb-86
23-Fcb-S6

1801
1831
2mi

o
30

120

oiled
Jakolof 2

Currenl speed= 70 csnisq wmpled immediately
*r  mqxxcooiing

69
88
80

‘m
76
50

exper iments c o n d u c t e d  by Hanley and Tsang (1984) seem to show the nonsticky

n a t u r e  o f  s a l t w a t e r  frazil  i c e , the  co ld  room s tud ies  above c lear ly  suggest  the

f o r m a t i o n  o f s t i c k y  frazil  i c e  d u r i n g  t h e  p e r i o d  w h e n  t h e  w a t e r  t e m p e r a t u r e

rises from Tm to T Also ,  the  makeup o f  anchor  ice  obsenred  in  the  Beaufor te“
S e a  c l e a r l y  i n d i c a t e s  a  frazil  o r i g i n  (Reimnitz  e t  a l .  , in  press)  and,

t h e r e f o r e , t h i s  t o o  c o n t r a d i c t s  t h e  f o r m e r  p o s t u l a t e .

I n  e v a l u a t i n g t h e s e  a n d  o t h e r  l a b o r a t o r y  s t u d y  r e s u l t s ,  i t  i s  i m p o r -

t a n t t o  q u e s t i o n  t h e  v a l i d i t y  o f  l a b o r a t o r y  e x p e r i m e n t s  i n  w h i c h  i c e  g r o w t h  i n

a  l i m i t e d  a m o u n t o f  water  resu l ts  in  a  change o f  water  sa l in i ty  and in  wh ich

the supercoo led s tage is  l im i ted  to  a  few minutes  ra ther  than a  per iod  o f  hours

o r  d a y s ,  a s  i n  n a t u r e . E v e n  i n  n a t u r a l  s e t t i n g s , frazil  t h a t  h a s  r i s e n  t o  t h e

surface is no longer st icky (Kempema et al .  , i n  p r e p . )  a n d  r e a d i l y  d r o p s  i t s
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s e d i m e n t  l o a d  w h e n a g i t a t e d . T h e r e f o r e , the t iming and method of sampling

frazil i n  l a b o r a t o r y  e x p e r i m e n t s  m a y be cr i t i ca l  because the  frazil  m a y  b e

sticky for only a short period, while the water is near its maximum

s u p e r c o o l i n g .

In  the  exper iments  descr ibed above, c o l l e c t i o n  o f  w a t e r  a n d  frazil  i c e

samples was t i g h t l y c o n t r o l l e d  t o c a t c h the c r i t i ca l  phase w h e n  s a l t w a t e r

frazil  may be st icky, wh ich  is  the  per iod  when the  tempera ture  r ises  f rom T to
m

T e . Samples  co l lec ted dur ing  th is  per iod  were  des ignated as  t ime-zero  samples ,

and subsequent samples at 0.5 and 2 hr thereafter show a decrease in the SPM

l o a d . T h i s  s e t  o f  e x p e r i m e n t s  s t r o n g l y  s u g g e s t s  t h a t  frazil  c r y s t a l s  a d h e r e  t o

s u s p e n d e d  p a r t i c u l a t e when t h e r e  i s  s i g n i f i c a n t  s u p e r c o o l i n g ,  b u t  t h a t  t h e y

l o s e adhes ion when t h e temperature r e a c h e s  T I n  n a t u r a l s e t t i n g s ,e“
s i g n i f i c a n t s u p e r c o o l i n g  w i l l  l a s t  f o r  a t  l e a s t  s e v e r a l  h o u r s ,  a s  o p p o s e d  t o  a

f e w  m i n u t e s  i n  a  f l u m e  ( T s a n g ,  1 9 8 2 ) .  T h e r e f o r e ,  s a l t w a t e r  frazil,  i n  t h e s e

s e t t i n g s , may be st icky for much longer than the few minutes observed in these

experiments .

The data  in  Tab le  8-4  tend to  suppor t  the  idea that  suspended sed iment

i s  s c a v e n g e d by frazil  because the  sed iment  concent ra t ions  measured in  frazil

w e r e  h i g h e r  t h a n  t h o s e  i n  t h e  w a t e r . However, some of the sediments seen in

t h e  frazil  i n  t h e  r a c e t r a c k  f l u m e  c l e a r l y  w e r e  i n c o r p o r a t e d  i n t o  f l o e s  a s  t h e y

bounced and ro l led  a long the  bot tom. The same process  o f  f loes  ro l l ing  a long

t h e  b o t t o m and p ick ing up sed iment  has been descr ibed in  r ivers  by  Arden and

Wigle  ( 1 9 7 2 )  a n d  O s t e r k a m p  a n d  G o s i n k  ( 1 9 8 3 ) . T h u s ,  t h e r e  i s  s t i l l  s o m e

q u e s t i o n  w h e t h e r  s c a v e n g i n g  o c c u r s  b y  t h e  s t i c k y a c t i o n  o f  t h e  frazil  o r

whether i t  o c c u r s  b y  t r a p p i n g  o f  s e d i m e n t  p a r t i c l e s  a t  t h e  i n t e r s t i c e s  b e t w e e n

i c e c r y s t a l s i n  f l o e s . A d d i t i o n a l  e x p e r i m e n t s , presented in  Sect ion  8 .5 ,

u t i l i z e d invers ion  and ver t i ca l -co lumn exper imenta l  sys tems to  shed add i t iona l

l i g h t  o n w h e t h e r  s e d i m e n t  i n c l u s i o n s  i n  frazil  occur  w i th in  an  ind iv idua l  i ce

c r y s t a l or just at t h e  i n t e r s t i c e s  b e t w e e n  i c e  c r y s t a l s . I t  i s  m o s t  l i k e l y

t h a t  a combinat ion o f  b o t h

t r a p p e d  a t t h e i n t e r s t i c e s

“ s t i c k i n e s s ” p l a y s  n o  p a r t  i n

mechan isms are  impor tan t ;  however ,  i f  sed iment  i s

b e t w e e n  frazil  c rys ta ls , i t  i s  a l s o  p o s s i b l e  t h a t

sed iment  t ranspor t  by  ice .
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N e v e r t h e l e s s , t h e s e  s t u d i e s  ( u n l i k e  t h e  w a v e - t a n k  e x p e r i m e n t s )  i l l u s -

t r a t e d t h a t  h i g h  l o a d s  o f  S P M  m a t e r i a l s  c o u l d  b e  e n t r a i n e d  b y  g r o w i n g  frazil

c r y s t a l s when s u p e r c o o l i n g  of the  water  cou ld  be cont ro l led  to  s imula te  the

b e h a v i o r  o b s e r v e d  i n  n a t u r e . Presumably, the  smal le r  water  vo lume in  the

r a c e t r a c k  f l u m e  a l l o w e d  b e t t e r  c o n t r o l  o f  h e a t  t r a n s f e r  a n d  t u r b u l e n c e

processes, c o m p a r e d  t o t h e - 2 7 0 0  L  c o n t a i n e d in the wave tank where heat

t r a n s f e r was n o t s u f f i c i e n t t o  a l l o w  s u p e r c o o l i n g  o f  t h e  w a t e r  f o r  a  l o n g e r

s u s t a i n e d  p e r i o d  o f t i m e . T h a t  i s , as the seawater in the wave tank became

supercoo led ( o r  a p p r o a c h e d s u p e r c o o l i n g )  n u c l e a t i o n  a n d  i n i t i a l  f o r m a t i o n  o f

frazil  i c e  w a s o b s e r v e d  ( p o s s i b l y  d u e  t o  i c e  c r y s t a l s  i n  t h e  a i r  o r  insuffi-

c ient t u r b u l e n c e  i n  t h e  t a n k  i t s e l f ) , a n d  e x t e n s i v e  s u p e r c o o l i n g  o f  t h e  l a r g e r

water  vo lume in the w a v e  tank could not be a c h i e v e d .

8 .3 .4 .4  Conc lus ions  f rom Racet rack  F lume Stud ies

The f lume s tud ies  conducted a t  Kas i tsna Bay demonst ra ted tha t  sa l twa-

ter frazil  e n t r a i n s  h i g h  s e d i m e n t  l o a d s  d u r i n g  t h e  p e r i o d  w h e n  t h e  w a t e r  t e m -

p e r a t u r e  r i s e s  b e t w e e n  Tm to Te. Th is  h igh  sed iment  load is  re leased back  to

t h e  w a t e r  c o l u m n a f t e r  T e  i s  r e a c h e d . T h u s ,  i n  t h e  f l u m e ,  s a l t w a t e r  frazil

appears to be s t i c k y  f o r  a  f e w  m i n u t e s  w h e n  i t  i s  e n v e l o p e d  i n  s u p e r c o o l e d

w a t e r . I n  n a t u r a l  s e t t i n g s , supercoo l ing  can be main ta ined for  a t  leas t  sever -

a l  h o u r s ;  t h u s , s a l t w a t e r  frazil  m a y  b e  s t i c k y  f o r  a t  l e a s t  t h a t  l o n g .

Exper iments  conducted a t  Kasitsna  Bay and at U.S. Geological Survey in

P a l o  A l t o  (Kempema, 1 9 8 6 )  s h o w e d  t h a t  frazil  f o r m s  r e a d i l y  i n  t u r b u l e n t  fresh-

and s a l t w a t e r . From those exper iments  frazil  crystals were shown to have the

same morpho logy in  f resh-  and sa l twater , usua l ly  fo rming th in  d iscs  up  to  5  mm

i n  d i a m e t e r . However, t h e  m o r p h o l o g y  o f  frazil  f loes and the way frazil  intera-

cts w i t h  s e d i m e n t  v a r i e s  w i t h  s a l i n i t y . Freshwater  frazil  f loes are somewhat

la rger  and more cohes ive  than sa l twater  f loes .

A n a l y s i s o f  f l u m e  d a t a  s u g g e s t s  t h a t  t h e  s u s p e n d e d  s e d i m e n t  l o a d  i n

t h e  w a t e r column decreases dur ing per iods o f  frazi.1  f o r m a t i o n , However, the

s c a t t e r  i n t h e  d a t a  m a k e s t h i s c o n c l u s i o n somewhat t e n t a t i v e , and more
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measurements  o f suspended- sediment c o n c e n t r a t i o n s  b e f o r e and dur ing frazil

f o r m a t i o n  s h o u l d  b e  g a t h e r e d  i n  t h e  f u t u r e  f r o m  n a t u r a l  s e t t i n g s .

T h e  p r e s e n c e of  pet ro leum contaminants  does not  appear  to  a f fec t  the

i n c o r p o r a t i o n  o f sediment i n t o  a s a l t w a t e r  frazil  i c e  c o v e r . Thus ,

o i l - c o n t a m i n a t e d sediment m a y  b e  i n c o r p o r a t e d  i n t o  t h e  i c e  c o v e r  d u r i n g  f a l l

s to rms, a n d  t h i s  m a y  b e  a  p o t e n t i a l  s o u r c e  o f  p o l l u t i o n  d i s p e r s a l .

The smal l  amounts  o f  sed iment ,  water ,  and ice  in  f lume s tud ies ,  a long

w i t h t h e s h o r t  p e r i o d  o f  s u p e r c o o l i n g , requ i re  prec ise  measurements . I c e

g r o w t h  i n  t h e  f l u m e  c a n  r a p i d l y  c h a n g e  w a t e r  s a l i n i t y ,  a n d  t h e s e  s a l i n i t y

changes a r e  d i f f i c u l t to  moni to r  and cont ro l . Thus, studies made in f lumes,

p a r t i c u l a r l y w h e n  f o r m i n g  i c e  i n  s a l t w a t e r , may be hard  to  ex t rapo la te  to

l a r g e r , n a t u r a l  s y s t e m s . Many remain ing  quest ions  about  frazil  and anchor ice

i n t e r a c t i o n s  w i t h  s e d i m e n t  w i l l  b e  d i f f i c u l t  t o  r e s o l v e  w i t h  f l u m e  s t u d i e s ,  a n d

fu ture  s tud ies  may have to  concent ra te  on natura l  sys tems.

8 . 4 SELF-CLEANING OF SLUSH ICE

8 . 4 . 1 I n t r o d u c t i o n

W i t h  t h e  r a c e t r a c k  f l u m e  e x p e r i m e n t s

appears t h a t  s t i c k y  o r  a c t i v e  frazil  i c e  c a n  b e

d i s c u s s e d  i n  S e c t i o n  8 . 3 . 4 ,  i t

g e n e r a t e d  i n i t i a l l y  d u r i n g  t h e

s u p e r c o o l e d  p e r i o d  w h e n frazil  i c e  f i r s t  f o r m s .  H o w e v e r ,  a s  d e m o n s t r a t e d  b y

the wave- tank  exper iments  and the  racet rack  f lume s tud ies ,  the  sed iment  load in

t h e  u p p e r i c e c a n o p y  did  d e c r e a s e  w i t h  c o n t i n u e d  t u r b u l e n c e . This was

d e m o n s t r a t e d  b y the data in  Tab les  8-3  and 8-4  and was d iscussed in  S e c t i o n s

8 . ’  3  a n d  8 . 3 . 4 ,  r e s p e c t i v e l y .

T h i s  s e l f - c l e a n i n g  m e c h a n i s m

1-10 cm of  c lean ice  o f ten  seen in  ice

h e l p s t o  e x p l a i n the observed upper

c o r e s  c o l l e c t e d  i n  t h e  f i e l d . T h a t  i s ,

i f  dir ty slush ice is f o r m e d  d u e  t o  e n t r a i n m e n t  o f  s u s p e n d e d  p a r t i c u l a t e  m a t e -

r i a l  d u r i n g i n i t i a l  i c e  f o r m a t i o n , continued wave pumping with t ime can cause

t h e upper s u r f a c e  t o undergo s i g n i f i c a n t  s e l f - c l e a n i n g . As the  tu rbu lence

subs ides and a d d i t i o n a l c o l u m n a r  i c e  f o r m a t i o n  b e n e a t h  t h e  u p p e r  s l u s h  i c e
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f i e l d  o c c u r s , a  d i s c o n t i n u i t y  o f  t h e  s e d i m e n t  l o a d  w o u l d  b e  n o t e d  w i t h  c l e a n

i c e o b s e r v e d  i n t h e u p p e r  1 - 1 0  c m  o f  t h e  f r o z e n  s l u s h  i c e  m a t r i x ,  a  d i r t i e r

c r o s s - s e c t i o n of  sed iment - laden ice  observed jus t  above the  co lumnar  ice  zone,

and r e l a t i v e l y  c l e a n  c o l u m n a r  i c e  o b s e r v e d  b e l o w  t h e  t r a n s i t i o n  f r o m  s l u s h  ( o r

c o a g u l a t i o n )  i c e  t o  c o l u m n a r  i c e .

8 . 4 . 2 Sprinkle Experiments to Look at the Rapid Loss of Suspended
Par t icu la te  Mater ia l  Through S lush Ice  Undergo ing Stand ing Wave
Turbu lence

Before examin ing t h e s e l f - c l e a n i n g  p h e n o m e n a w i t h  coarse-grained

s e d i m e n t ,  a tube was i n s e r t e d i n t o the slush ice to measure the amount of

f r e e b o a r d  o r  “ d r y ” ice  on top  o f  the  s lush ice  sur face. Measurements  ind ica ted

t h a t t h e r e was a p p r o x i m a t e l y 0 . 5 - 1  c m  o f  i c e  a c c u m u l a t i o n  a b o v e  ehe w a t e r

s u r f a c e . T h i s suggested that  sed iments  spr ink led  on th is  mater ia l  wou ld  be

l e s s a p t  t o  w o r k  t h e i r  w a y  i n t o  t h e  i n t e r s t i t i a l  w a t e r  o f  t h e  s l u s h  i c e  m a t r i x

and, t h e r e b y , b e  r e l e a s e d  t o  t h e  b o t t o m . T o  t e s t t h i s  a s s u m p t i o n ,

a p p r o x i m a t e l y 10 g of the coarse s a n d  u t i l i z e d  f o r  t h e  s l o p i n g  b e a c h - f a c e

exper iments were gent ly  spr ink led onto  the upper  ice  sur face a t  an ant inode in

t h e s t a n d i n g  w a v e p a t t e r n s , and t i m e - s e r i e s photographs were taken over a

10-min  i n t e r v a l . D u r i n g  t h i s  p e r i o d , a l l  o f  t h e  s e d i m e n t a r y  m a t e r i a l  r a p i d l y

p e n e t r a t e d  t h r o u g h  t h e  s l u s h  i c e  f i e l d  a n d  r e t u r n e d  t o  t h e  b o t t o m .

F’rom t h e s e o b s e r v a t i o n s , i t  was conc luded tha t  any  sed iment  ac t ive ly

s c o u r e d  o r e n t r a i n e d  d u r i n g  t h e  i n i t i a l  frazil  i c e  f o r m a t i o n  e v e n t  w o u l d  h a v e

b e e n  q u i c k l y k n o c k e d  f r e e  f r o m  t h e  i c e  m a t r i x  o r  i n t e r s t i c e s  a s  t h e  i c e

a c c u m u l a t e d  i n  t h e  a c t i v e  s u r f a c e  s l u s h  i c e  f i e l d  b e i n g  p u m p e d  b y  t h e  p a s s i n g

w a v e  t r a i n .

A  m o d i f i c a t i o n  o f t h e  s p r i n k l e

e x c e p t  i n t h i s experiment coarse McDonald

i c e experiment was then repeated,

Sp i t  sand w a s  mixed in to  the  s lush

ice  layer  w i t h i n  t h e  w a v e  t a n k  to  t h r e e  d i f f e r e n t  d e p t h s : on the surface, 5 c m

deep, and 10 cm deep. P a d d l e  t u r b u l e n c e  w a s  in i t ia ted ,  and se t t l ing  w a s

f o l l o w e d  b y  t i m e - l a p s e  p h o t o g r a p h y . A s  w i t h  t h e  f i r s t  s p r i n k l e  e x p e r i m e n t ,

t h i s test was aga in  conducted at an a n t i n o d e , a n d  w i t h i n  1 5  s e c  a f t e r  s t a r t i n g

242



wave a g i t a t i o n  i n t h e  s l u s h , s a n d  p a r t i c l e s  s e t t l e d  out of the b o t t o m  o f  t h e

layer  where the sand had been p laced at the  10-cm depth .  A f te r  1  hr  tha t  depth

was c o m p l e t e l y  c l e a n . The sand in t roduced at the 5-cm and l -cm d e p t h s  t o o k

l o n g e r to i n i t ia te  downward advancement  o f  the  sed iment  gra ins ;  bu t  even here ,

a f t e r  1 h r  o f  w a v e  a g i t a t i o n , a l l  sed iment  was we l l  on  i t s  way out  o f  the  s lush

l a y e r . T h e  e x p e r i m e n t  w a s then repeated wi th  the sand p laced a t  the  upper

s u r f a c e  a t  a node i n  t h e  s t a n d i n g  w a v e  p a t t e r n  w i t h  e s s e n t i a l l y  n o  v e r t i c a l

wave mot ion . I n  t h i s  i n s t a n c e , the ice was much more densely packed than at

the ant inode, and a f ter  2  hrs , essent ia l l y  no  sed iment  movement  th rough the  ice

h a d  o c c u r r e d  ( F i g u r e s  8 - 1 7 ,  8 - 1 8 ,  a n d  8 - 1 9 ) . W h i l e  t h e s e  r e s u l t s  w e r e

i n t e r e s t i n g a n d  p r o v i d e d  d i r e c t  e v i d e n c e  o f  t h e  i m p o r t a n c e  o f  w a v e  m o t i o n  i n

the se l f -c lean ing phenomena, some caution should be observed before placing too

much emphas is  on t h e ant inode-versus-node observations . S p e c i f i c a l l y ,  t h e

s tand ing-wave pat te rn  was an ar t i fac t  o f  the  wave- tank  sys tem,  and i t  would  not

be e x p e c t e d  t o o c c u r  in  n a t u r e , e x c e p t  p o s s i b l y  u n d e r v e r y s p e c i a l

c i rcumstances s u c h  a s t h e  j u x t a p o s i t i o n  o f  l o n g e r  i c e  f l o e s  a n d  u n i q u e

w i n d / w a v e  p a t t e r n s ,  e t c .

8 . 4 , 3 Sausage-Tube Experiment --  Grain-Size Dependence

T h e  w a v e - t a n k  a n d r a c e t r a c k  f l u m e  c h a m b e r  r e s u l t s  d i s c u s s e d  in

S e c t i o n s  8 . 3 . 3  a n d  8 . 3 . 4 , coup led w i t h  t h e  s p r i n k l e  e x p e r i m e n t s  d i s c u s s e d

above , made i t  a p p a r e n t  t h a t  a  s i g n i f i c a n t  a c c u m u l a t i o n  o f  s e d i m e n t  i n  a n  i c e

canopy cou ld  not  be  main ta ined if  wave turbu lence was cont inued for  a  s ign i f i -

c a n t  p e r i o d  a f t e r  t h e i n i t i a l  frazil  i c e  f o r m a t i o n  e v e n t . T h e r e f o r e ,  i n  a n

e f f o r t to  de termine i f  the  se l f -c lean ing mechan ism due to  pass ing  wave t ra ins

t h r o u g h s lush ice  wou ld  pre ferent ia l l y  remove or  sor t  the  SPM by gra in  s ize ,  a

s e r i e s o f  e x p e r i m e n t s  w e r e  p e r f o r m e d  t o  e v a l u a t e  t h e  p r e f e r e n t i a l  r e t e n t i o n  o f

d i f f e r e n t  s i z e  c l a s s  s e d i m e n t s i n  a  s l u s h  i c e  f i e l d  s u b j e c t e d  t o  t u r b u l e n c e

introduced by 15-20 cm ampli tude standing waves.

A  s a m p l e  o f the Jakolof  2  sed imentary  mater ia l  used in  the  prev ious

exper iments was d i s p e r s e d i n t o  a n  u p p e r  s l u s h  i c e  s l u r r y  c o n t a i n e d  i n  a  l - i n

d iameter  p las t ic  sausage tube. T h e  t u b e  w a s  f i r s t  f i l l e d  w i t h  s l u s h  i c e  a t  t h e

same dens i ty  as  the  sur round ing s lush ice  in  the  open wave- tank  sys tem.  The
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Figure 6-17. Tim&Series Migration of Sedimentary Materiai  introduced at the Surface of Siush
Ice at a Node in the Standing Wave Pattern of the Wave Tank Taken at Time Zero

Figure 6-18. The sediment introduced in Figure 6-17 Above After an Eiapsed  Time of 6 Min at the
Node
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Figure &19. The Sediment Introduced in Figure 8-17 Above After a Total Elapse Time of 2 Hr at
the Node
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sed iment ice  s lu r ry  was mixed in  advance and care fu l ly  added to  the  top  o f  the

c l e a n S lush i c e  l a y e r  w i t h i n  t h e  t u b e . The bag was then suspended at t h e

p o s i t i o n  o f  a n  a n t i n o d e  i n  the w a v e tank with the w a v e  g e n e r a t o r  o f f  a n d

s e a l e d . Upon start ing the w a v e  g e n e r a t o r , the  sed iment  f rom the upper  par t  o f

t h e s l u s h  l a y e r i m m e d i a t e l y  b e g a n  to sett le in the bag. Af te r  a  few minutes

t h e  f i r s t  g r a i n s  w e r e ra in ing  down in to  the  water  co lumn wi th in  the  sausage

t u b e  b e l o w . Af te r  10  min  o f  ag i ta t ion  in  the  wave f ie ld ,  the  exper iment  w a s

stopped, and two samples  were  co l lec ted , one from the bottom of the tube and

o n e  f r o m  t h e  s l u s h  i c e  l a y e r . The sediment grain-size data from these samples

a r e  p r e s e n t e d  in  T a b l e  8 - 5  a n d  F i g u r e  8 - 2 0 . C l e a r l y ,  t h e r e  w a s  p r e f e r e n t i a l

r e t e n t i o n o f  t h e  f i n e r  g r a i n  m a t e r i a l s  b y  t h e  i c e : the  sample  re ta ined in  the

i c e c o n s i s t e d  o f  1 1 %  m u d (9% si l t  and 2% clay) and 88% sand; whereas, the

mater ia l  co l lec ted f rom the bot tom o f  the  sausage tube was 98.6% sand wi th  on ly

1 . 4 %  m u d  ( 0 , 2 %  s i l t , 0 . 3  c l a y )  p a s s i n g  t h r o u g h  t h e  s l u s h  i c e  field  a n d

accumula t ing  in  the  water .

8 . 4 . 4 Racetrack Flume -- Se l f -C lean ing  Wi th  T ime

Examinat ion of the data in Table 8-4  fo r  26 February  1986,  shows that

d e s p i t e t h e  e l e v a t e d  l e v e l s of SPM in  the frazil  i c e  i m m e d i a t e l y  a f t e r

s u p e r c o o l i n g a n d  i n i t i a l  i c e  f o r m a t i o n  ( 7 1 4  mg/L),  s e l f - c l e a n i n g  s o o n  f o l l o w e d

due t o  c o n t i n u e d  a g i t a t i o n  o r  t h e  t e r m i n a t i o n  o f  s t i c k i n e s s  a s  t h e  t e m p e r a t u r e

c h a n g e d  f r o m  T m  to Te (714  m g / L  v e r s u s  7 5  m g / L  h a l f - a n - h o u r  l a t e r ) . I n t e r e s t -

i n g l y , the  water -co lumn concent ra t ions  remained constant  over  th is  t ime f rame

(89 m g / L v e r s u s  9 1  mg/L), suggest ing  tha t  the  decrease in  SPM load in  the  s lush

ice  was due to  a  change in  i ts  adhes ive  proper t ies ,  ra ther  than a  s imple  change

i n t u r b u l e n c e  ( w h i c h  w o u l d  a l s o affect the SPM load in the water column or

i n t e r s t i t i a l  w a t e r t r a p p e d  w i t h  t h e  slush  i c e ) . T h a t  i s ,  t h e  w a t e r - c o l u m n

c o n c e n t r a t i o n s remained c o n s t a n t t h r o u g h o u t t h i s  t i m e  p e r i o d ,  a n d  t h u s ,  t h e

drop in  the  s lush ice  leve ls  (wh ich  were  even be low the water  co lumn concent ra-

t i o n  a t t h a t  time) was n o t  d u e  t o  s i m p l e  s e d i m e n t a t i o n  f r o m  t h e  d e c l i n i n g

o v e r a l l t u r b u l e n c e . Thus,  the  data  suggest  a  change in  adhes ion or  s t ick iness

o v e r t ime in  add i t ion  to  the  s imp le  ac t  o f  phys ica l l y  knock ing  the  SPM out  o f

t h e  i c e  l a y e r .
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Table 8-5

Results of Gravimetric  Anal ses of SPM Loads in Surface Slush, Feed Water, and Drain
rWater Samples Co Iected During the Vertical Filtration Experiments

SEDtMENT  SIZE DKI’IW3LITION RETAINED IN ICE

OVERALL
PARTICLE SIZE DISTRIBUTION SIZE CLASS DISTRKBI.JTION

Phi
mm %%g

Waght Cumulative Size Wcigh[
size Percent PWcalt am Percalt

0.5 0.7071 0.0080 0.54 0.54 gnvel Oao
1.0 0.05C0 0.0214 1.43 1.% SMd 88.846
1.5 0.3536 0.2016 13.48 15.45 silt 9.147
2 0 0.25C(I 0.4098 27.41 4286 clay 2007
25 0.1768 0.4031 26.97 69.83
3.0 0.1250 0.1976 13.22 83.04
3.5 0.0884 0.0748 5.00 88.(M
4,0 O.(M25 0.0120 0.80 88.85
4.5 0.0442 0. C$567 4.47 93.31
6.0 0.0156 0.0500 3.34 96A%

11.0 O.m 0.0503 3.34 100.00

SEDIMENT SIZE DISTRIBUTION NOT WAINED  IN ICE

OVERALL
PARTICLE SEE DISTRIBUTION SJZE CIASS  DISTRIBUTION

Phi
mnl ‘J:g

Waght
size

cumulative Size
Percent Pm%alt

Weight
class Percmt

0.5 0.7071 0.0187 0.19 0.19
1.0 0.5000

grave! O.cm
0.1680 1.73 1.92

1.5
sand

0.3536
98.561

20819 21.40 23.32
2.0

silt
0.25W

1.163
4.1358 4252 65.84

25
clay

0.1768
0.276

22373 23.51 89.35
3.0 0.1250 0.5788 5.95 95.30
3.5 0.0884 0.2301 288 98.18
4.0 0.0625 0.0373 0.38 98.56
6.0 0.0156 0.0952 0.98 99.54

11.0 0.0005 O.(M48 0.46 lal.o
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8 . 4 . 5 Add i t iona l  Mechan isms fo r  Se l f -C lean ing  o f  Sed iments  in Sea Ice
Canopies - -  Movement  o f  Fine-grained  Sed iment  Par t i c les  i n
Seawater  and Freshwater  S lush Ice  S lur r ies  Dur ing  Freeze-Front
Advances

8 . 4 . 5 , 1  I n t r o d u c t i o n

In an e f fo r t  to  d e t e r m i n e  i f  t h e r e  w e r e  o t h e r  m e c h a n i s m s  o f  s e l f - c l e a n i n g

o f sed iment - laden sea ice , e x p e r i m e n t s  w e r e  p e r f o r m e d  to  eva luate  the  e f fec ts

o f a d v a n c i n g  f r e e z e - f r o n t s  o n  m i g r a t i o n s  o f  f i n e - g r a i n e d  s e d i m e n t a r y  m a t e r i a l

i n  s e a w a t e r  a n d  f r e s h w a t e r  s l u s h  i c e  s l u r r i e s .

I n  p r e v i o u s  s e c t i o n s  o f  t h e  r e p o r t , various mechanisms have been dis-

c u s s e d  t o  e x p l a i n  t h e  i n i t i a l  e n t r a i n m e n t  o f  s e d i m e n t s  i n t o  s l u s h  i c e  c a n o p i e s .

F o l l o w i n g i n i t i a l c o n c e n t r a t i o n  o f  t h e  frazil  c r y s t a l s  i n t o  a  s l u s h  i c e  l a y e r

nea r t h e w a t e r s u r f a c e , a downward freezing process in the ice can ensue to

f o r m  c o n g e l a t i o n  i c e , and th is  too  can impar t  a  s ign i f i cant  change in  the  ice

s t r u c t u r e and the  re tent ion  o f  SPM and o ther  impur i t ies . S p e c i f i c a l l y ,  d u r i n g

the downward f r e e z i n g  p r o c e s s , d i s t i n c t  c h a n g e s  w i l l  o c c u r  i n  t h e  c o m p o s i t i o n

o f t h e i c e  r e l a t i v e  t o  t h e  i n i t i a l  i c e  s l u r r y  t h a t  t e n d  t o  “ p u r g e ”  t h e  i c e  o f

c o n s t i t u e n t s other  than H 20 (Weeks and Ackley,  1982) . F o r  e x a m p l e ,  r e l a t i v e l y

d e n s e  b r i n e  s o l u t i o n s a r e  g e n e r a t e d  i n  t h e  v i c i n i t y  o f  t h e  a d v a n c i n g  freeze-

front due to salt r e j e c t i o n  a t  i c e  w a t e r  i n t e r f a c e s  ( L a k e  a n d  L e w i s ,  1 9 7 0 ) .

Uncle r t h e i n f l u e n c e o f  b o t h  t h e  a d v a n c i n g f r e e z e - f r o n t  ( w h i c h  p r o g r e s s e s

d o w n w a r d  f r o m  t h e a i r - i c e  i n t e r f a c e )  a n d  g r a v i t y ,  t h e s e  b r i n e  s o l u t i o n s  flow

downward through the uncongea led s lush ice  mat r ix  and in to  the  under ly ing  water

c o l u m n  ( L e w i s  a n d  W e e k s ,  1 9 7 0 ) . T h e  r e j e c t i o n  o f  b r i n e  d u r i n g  t h e  f r e e z i n g

process c o m b i n e d  w i t h  t h e  g r a v i t y - i n d u c e d  d o w n w a r d  m o v e m e n t  o f  t h e  b r i n e

t h r o u g h uncongealed slush ice have been hypothesized to produce a net movement

and accompanying c o n c e n t r a t i o n  o f sed iment  par t ic les  ahead o f  the  advanc ing

f r e e z e - f r o n t  (Osterkamp  a n d  G o s i n k ,  1 9 8 4 ) .

Th is  mechan ism c a n  e x p l a i n  o b s e r v e d  c o n c e n t r a t i o n  p r o f i l e s  i n v o l v i n g

low and h igh sed iment  loads in  the  sur face and in termedia te  depth  layers  o f  sea

i c e  c o r e s . The process  can a lso  lead to  u l t imate  ~eleases  of fine-grained  s e d -

i m e n t a r y m a t e r i a l i n t o u n d e r l y i n g w a t e r columns. F o r  e x a m p l e , h i g h
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c o n c e n t r a t i o n s of  f ine-suspended mat ter  in  qu iescent  water  beneath  a  canopy o f

f r e e z i n g  s l u s h i c e  h a v e  b e e n  n o t e d  d u r i n g  d i v i n g  o b s e r v a t i o n s  (Reimnitz  a n d

Dunton, 1979) . I f  the  f reeze- f ront  shou ld  advance beyond the sed iment - laden

i n t e r m e d i a t e  l a y e r  i n  t h e  s l u s h  i c e , c lear  i ce  cou ld  fo rm f rom be low f rom re la -

t i v e l y s e d i m e n t - f r e e w a t e r a n d  p r o d u c e a bot tom layer  o f  co lumnar  ice  w i th

l i t t l e  o r  n o  s e d i m e n t  c o n t e n t . The net  resu l t  o f  the  preced ing processes could

produce t h e  v e r t i c a l  c o n c e n t r a t i o n  p r o f i l e s  o f  s e d i m e n t  n o t e d  i n  s e a  i c e  c o r e s

( s e e  S e c t i o n  8 . 1 ) .

TO i n v e s t i g a t e  p o r t i o n s  o f  t h e  p r e c e d i n g  m e c h a n i s m s ,  s e v e r a l  e x p e r i -

ments were  per formed to  eva luate  aspects  o f  movements  o f  f ine-gra ined sed iment

p a r t i c l e s  i n d u c e d  b y  a d v a n c i n g  f r e e z e - f r o n t s  i n  a q u e o u s  s l u s h  ice  m a t r i c e s .  I n

one exper iment , t h e  h o r i z o n t a l  m i g r a t i o n  o f  s e d i m e n t  p a r t i c l e s  i n d u c e d  b y  a

l a t e r a l l y advanc ing f reeze f ron t  was photograph ica l ly  documented, In a second

exper iment , r e l e a s e of fine-grained  sed iment  f rom a  seawater  s lush ice  s lu r ry

undergo ing f reez ing in  a  downward d i rec t ion  was moni tored.

8 . 4 . 5 . 2  M e t h o d s  a n d  M a t e r i a l s

Latera l  Freez ing  Exper iment

A  c o n c e n t r a t i o n of 1 . 7 9  gm d r y  w t / L  o f  c l a y - s i z e d  p a r t i c l e s  w a s  s u s -

p e n d e d  i n  f r e s h w a t e r i n  a  c y l i n d r i c a l  c o n t a i n e r . The water  in  the  conta iner

was i n i t i a l l y  n e a r  i t s  f r e e z i n g  p o i n t . The conta iner  was then main ta ined in  a

r e f r i g e r a t e d r o o m  a t -8°C,  with  f r e e z i n g  o f  t h e  a q u e o u s  s u s p e n s i o n  o c c u r r i n g

i n w a r d  f r o m  t h e  c o n t a i n e r  walls. The ra te  o f  advance o f  the  f reeze- f ront

toward t h e  c e n t e r  o f t h e  c o n t a i n e r was greater  than the ra te  a t  wh ich the

p a r t i c l e s s e t t l e d  o u t  o f suspens ion. At  the  conc lus ion  o f  the  exper iment ,

h o r i z o n t a l t h i n  s e c t i o n s  w e r e  p r e p a r e d  f r o m  t h e  s o l i d  i c e  “ p l u g ”  r e m o v e d  f r o m

t h e c o n t a i n e r . T h e  p a t t e r n  o f  c l a y  p a r t i c l e s  i n  t h e  t h i n  s e c t i o n s  w a s  d o c u -

mented p h o t o g r a p h i c a l l y t o  e v a l u a t e  t h e  e f f e c t  o f  t h e  f r e e z e - f r o n t  a d v a n c e  o n

t h e  p a r t i c l e  d i s t r i b u t i o n s .
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Sediment  “Expu ls ion”  Exper iment

T h e  s e d i m e n t “ e x p u l s i o n ” exper iment was performed using a  seawater

S lush i c e s l u r r y conta ined in  a  modi f ied  sed iment  t rap  p laced in  the  wa lk - in

c o l d room at Kasitsna  Bay. The temperature in the room was maintained between

-15°C  a n d  -20”C, and prech i l led  natura l  seawater  and s lush ice  were  obta ined

f r o m  t h e  flowthrough wave tank  under  the  in f luences o f  the  co ld  ambient  room

temperature  and the ac t ion  o f  the  wave-generat ing  padd le . N a t u r a l  s e d i m e n t  f o r

the  exper iment  was co l lec ted f rom the in ter t ida l  reg ion  o f  Jakolof  B a y . P a r t i -

c l e s izes  la rger  than coarse sand were  e l im inated f rom the natura l  sed iment  by

s iev ing  th rough a  l -mm geo log ica l  s ieve before  the  exper iment .

The modi f ied  sed iment  t rap  (shown schemat ica l l y  in  F igure  8-21)  served

as the conta iner  fo r  the  prepared s lush ice-sed iment  mat r ix  in  the  exper iment .

T h e  s t e e p  c o n i c a l  s h a p e  e n s u r e d  t h a t  p a r t i c l e s  s e t t l i n g  i n  t h e  a p p a r a t u s  w o u l d

pass e f f i c i e n t l y  t o the  bot tom o f  the  conta iner  fo r  sample  w i thdrawal . W i t h

t h e e x c e p t i o n  o f  t h e  c l e a r  t u b i n g  a t  t h e  b o t t o m , the conta iner  was const ruc ted

o f  o p a q u e  f i b e r g l a s s . To minimize mechanical movements that might induce unin-

t e n t i o n a l  r e l e a s e s  o f  s e d i m e n t  f r o m  t h e  s l u s h  i c e ,  t h e  c o n t a i n e r  w a s  secured in

a pro tec ted corner  o f  the  co ld  room. To prov ide re levance to  f reez ing process-

es  in  na tura l  Arc t ic  mar ine  env i ronments , t h e  f r e e z e - f r o n t  i n  t h e  c o n t a i n e r  w a s

a l l o w e d  t o  a d v a n c e  o n l y  i n  a  d o w n w a r d  d i r e c t i o n  f r o m  t h e  a i r - i c e  i n t e r f a c e .  A n

insu la t ion  b lanket  conta in ing heat  tape was wrapped around the conta iner  to  en-

sure that  f reez ing wou ld  not  occur  inward  f rom the wa l ls . P r e l i m i n a r y  e x p e r i -

menta l  runs  were  per formed to  ad jus t  the  th ickness o f  the  insu la t ing  heat  tape/

b l a n k e t  w r a p  u n t i l n e i t h e r  f r e e z i n g  n o r  m e l t i n g  o f  s l u s h  i c e  o c c u r r e d  a t  t h e

walls .

F o r  t h e exper iment , sediment was homogeneously mixed into 10 L of

s l u s h ice  in  seawater , Because the slush ice was produced in the wave tank in

the cold room, t h e  s l u r r y  w a s  a t  o r  n e a r  i t s  f r e e z i n g  p o i n t . Most , i f  n o t  a l l ,

o f t h e sediment p a r t i c l e s  in  t h e i n i t i a l  s e d i m e n t - i c e  s l u r r y  w e r e  i n  t h e

i n t e r s t i t i a l water  o f  the  s lu r ry  mat r ix  and,  there fore ,  were  capab le  o f  mov ing

w i t h i n t h e  m a t r i x . The concent ra t ion  o f  sed iment  in  the  s lu r ry  was 1140 +  190

m g  d r y w t / L  ( m e a n  + s t a n d a r d  d e v i a t i o n ;  n  -  3 ) . F o l l o w i n g  t r a n s f e r  o f  t h e
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sediment- i c e s l u r r y  t o  t h e  e x p e r i m e n t a l  c o n t a i n e r  ( F i g u r e  8 - 2 1 ) ,  c o l d  i c e - f r e e

seawater was i n t r o d u c e d through t h e  f l e x i b l e tub ing at t h e  b o t t o m  o f  t h e

c o n t a i n e r  t o “ f l o a t ”  t h e s l u r r y . A d d i t i o n s t o  t h e  c o n t a i n e r  o f  b o t h  t h e

i n i t i a l sediment- ice s l u r r y and the subsequent seawater were done in a slow,

g e n t l e manner to  min imize  re leases  o f  sed iment  f rom the  s lu r ry , A  t h e r m i s t o r

probe was inser ted to  a  depth  of 25 cm in t h e  s l u r r y . A f t e r  a  10-min  i n t e r n a l ,

a s m a l l vo lume o f  water  was dra ined f rom the f lex ib le  tub ing  a t  the  bot tom o f

t h e  c o n t a i n e r  t o remove any sed iment  re leased dur ing  the  comple te  “ load ing”

process. T h e  l a s t  o f  t h i s  i n i t i a l “d ra ined”  water  was co l lec ted for  background

( i . e . , “ t i m e  O “ )  s e d i m e n t  l o a d  a n d  s a l i n i t y  d e t e r m i n a t i o n s . A t  t h e  c o n c l u s i o n

o f t h e “ l o a d i n g ”  p r o c e s s , t h e  t o t a l  d e p t h  o f  t h e  s l u s h  i c e  l a y e r  i n  t h e  c o n -

t a i n e r was e s t i m a t e d t o  b e  4 5  c m  ( b a s e d  o n  t h e  i n i t i a l  1 0  L  v o l u m e  o f  t h e

s e d i m e n t - s l u s h  i c e  s l u r r y , t h e  d e p t h  o f  t h e  a i r - i c e  i n t e r f a c e  i n  t h e  c o n t a i n e r ,

and t h e  g e o m e t r i c  d i m e n s i o n s  o f  t h e  c o n t a i n e r ) . The vo lume o f  i ce- f ree  water

beneath  the  s lu r ry  was es t imated to  be 1 .7  L .

D u r i n g  t h e  e x p e r i m e n t ,  w a t e r  s a m p l e s  f o r “ s e t t l e d ”  s e d i m e n t  l o a d  a n d

sa l in i ty  measurements  were  removed th rough the  f lex ib le  tub ing  a t  the  bot tom o f

t h e c o n t a i n e r a t  h o u r l y  i n t e r v a l s . The volume of these samples (always < 85

mL) w a s  s u f f i c i e n t  t o  c o l l e c t  a l l  s e d i m e n t  t h a t  h a d  “ s e t t l e d ”  t o  t h e  b o t t o m  o f

t h e c o n t a i n e r  b e t w e e n sampl ing  events . In add i t ion  to the “ t i m e  O “  m e a s u r e -

ments, c o l l e c t i o n s  o f these water samples, a s  w e l l  a s  i c e  s l u r r y  t e m p e r a t u r e

measurements w i t h  t h e  t h e r m i s t o r  p r o b e ,  w e r e  m a d e  a t  p e r i o d s  of  1, z,  3, L+, 5,

and 7 hrs into the exper iment . A f t e r  t h e  f i n a l  s a m p l i n g  e v e n t ,  t h e  a i r - i c e

i n t e r f a c e  i n t h e c o n t a i n e r h a d  o n l y s u b s i d e d  a p p r o x i m a t e l y 1 cm due to

w i t h d r a w a l  o f  c 5 0 0  mL o f  water  fo r  a l l  sampl ing  events  between 1 and 7 hr.

The des ign  o f  the  sampl ing  s t ra tegy  was in tended to  min imize  e f fec ts  o f  sample

wi thdrawal  on  ice  movements  in  the  conta iner .

S a l i n i t i e s  i n  t h e  w a t e r samples were m e a s u r e d  w i t h  a  Reichert

temperature-compensated r e f r a c t o m e t e r . Sed iment  quant i t ies  in  water  samples

were determined gravimetrically i n  t r i p l i c a t e  a s  d e s c r i b e d  i n  S e c t i o n  8 . 3 . 3 .

T h e  q u a n t i t y  o f  “ s e t t l e d ” sediment for a sample was determined from the mean of

t h e  g r a v i m e t r i c  w e i g h t measurements (n - 3) and the volume of water sampled.
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T h e “ s e t t l e d ” sed iment  loads were  ca lcu la ted as means +  1  s tandard  dev ia t ion

u n i t .

8 . 4 . 5 . 3  R e s u l t s

Latera l  Freez ing  Exper iment

F o r  t h e  l a t e r a l  f r e e z i n g  e x p e r i m e n t , t h e  c l a y - s i z e d  p a r t i c l e s  w e r e

homogeneously d i s t r i b u t e d  a s  a  s u s p e n s i o n  i n  f r e s h w a t e r  p r i o r  t o  t h e  o n s e t  o f

f r e e z i n g i n w a r d  f r o m t h e  c o n t a i n e r  w a l l s . P h o t o g r a p h i c  doctunentation  of  the

h o r i z o n t a l  d i s t r i b u t i o n  o f  t h e  p a r t i c l e s  i n  t h e  f i n a l  f r o z e n  “ p l u g ”  i s  s h o w n  i n

F i g u r e  8 - 2 2 . T h e  s e d i m e n t - p a r t i c l e  d i s t r i b u t i o n  in  t h e  f i g u r e  i n d i c a t e s  t h a t

p a r t i c l e s  w e r e “ e x t r u d e d ”  a h e a d  o f  t h e  l a t e r a l l y  a d v a n c i n g  f r e e z e - f r o n t .

Sed iment  “Expu ls ion”  Exper iment

D u r i n g t h e  7 - h r  d u r a t i o n  o f  t h e  s e d i m e n t “ e x p u l s i o n ”  e x p e r i m e n t ,  t h e

seawater - ice  s lu r ry  underwent  a  gradua l  f reez ing process. A t  “ t i m e  O “ ,  t h e  i c e

m a t r i x c o n s i s t e d  o f a  d e n s e - y e t - l o o s e  c r y s t a l  a g g r e g a t e  t h a t  c o u l d  b e  e a s i l y

p e n e t r a t e d  b y  a  b l u n t  o b j e c t . By  4  hr ,  the  same b lunt  ob jec t  cou ld  no longer

b e  easily  f o r c e d  t h r o u g h  t h e s u r f a c e  at  t h e  a i r - i c e  i n t e r f a c e . Dur ing the

e v o l v i n g  f r e e z i n g  p r o c e s s , tempera tures  a t  the  25-cm depth  in  the  ice  mat r ix

d e c l i n e d  f r o m - 1 . 7 9 ° C  t o  -1.94°C,  a n d  s a l i n i t i e s  i n  t h e  w a t e r  b e n e a t h  t h e  i c e

i n c r e a s e d  f r o m  3 3 . 5  p p t  t o  s l i g h t l y  g r e a t e r  t h a n  3 8  p p t  ( F i g u r e  8 - 2 3 ) .  Q u a n t i -

t i e s  o f “ s e t t l e d ” sediment r e c o v e r e d  f r o m  t h e  f l e x i b l e  t u b i n g  outlet  at the

bot tom of  the  conta iner  are  shown in  F igure  8-24.  The to ta l  amount  o f  sed iment

r e c o v e r e d  d u r i n g  t h e  e x p e r i m e n t  w a s  0 . 6 6  g m  d r y  w t . T h i s  r e p r e s e n t e d

a p p r o x i m a t e l y 6 %  o f  t h e  s e d i m e n t  i n  t h e  i n i t i a l  i c e  s l u r r y  ( i . e . ,  [ 1 . 1  g m  d r y

wt  o f  sed iment /L ]  x  10  L) . Because mechan ica l  d is turbance o f  the  conta iner  was

a v o i d e d  d u r i n g  t h e e x p e r i m e n t  a n d  w a t e r  i n  t h e  sample  co l lec t ion  tube a t  the

c o n c l u s i o n  o f each sampl ing  event  was essent ia l l y  “sed iment - f ree , ”  the  va lues

shown i n  F i g u r e  8 - 2 4  s h o u l d  r e p r e s e n t  s e d i m e n t  “ r e l e a s e d ”  f r o m  t h e  i c e  s l u r r y

between sampl ing e v e n t s . In  the  absence o f  mechan ica l  ag i ta t ion ,  these sed i -

ment  re leases would  be due to  the  progress ive  f reez ing process.
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Figure 8-22. Horizontal, Thin Section of the Finai  Soiid  ice Piug Removed from the Cyiindricai  Vessei  that Contained an initiai
Homogeneous Suspension of Ciay-Sized  Particies  in Freshwater
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T h e  o p a q u e  f i b e r g l a s s  wa l ls  o f  the  conta iner  prevented v isua l  observa-

t i o n  o f e v e n t s  i n the i c e s l u r r y  d u r i n g  t h e  e x p e r i m e n t . T h e r e f o r e ,  i n  a n

a t t e m p t  t o  o b t a i n  i n f o r m a t i o n  a b o u t  s e d i m e n t  d i s t r i b u t i o n s  i n  t h e  c o n g e a l e d  i c e

m a t r i x  a t the  conc lus ion  o f  the  exper iment ,  the  ice  “p lug”  was gent ly  removed

f rom t h e  c o n t a i n e r . Only  the  upper  27 cm of  the  “p lug”  were  f rozen so l id ,  and

a  l o o s e , noncohes ive  aggregate  o f  i ce  c rys ta ls  ex is ted be low the 27-cm depth .

A l t h o u g h n o t q u a n t i f i e d , substant ia l  amounts  o f  sed iment  remained in  bo th  the

s o l i d  i c e  “ p l u g ” and the loose ice  aggregate . A  c r o s s - s e c t i o n  t h r o u g h  t h e  s o l -

id  “p lug”  gave no v is ib le  ev idence o f  ver t ica l  g rad ients  in  s e d i m e n t  c o n c e n t r a -

tions , a l t h o u g h t h e  h i g h  r e s i d u a l amounts of sediment in the ice may have

obscured c o n c e n t r a t i o n grad ients  generated by  the f reeze- f ront  advance in  the

i c e  m a t r i x .

8 . 4 . 5 . 4  D i s c u s s i o n

Photograph ic documenta t ion o f  t h e  f i n a l  s e d i m e n t  d i s t r i b u t i o n  i n  t h e

exper iment i n v o l v i n g  t h e  h o r i z o n t a l  f r e e z e - f r o n t  a d v a n c e  i n  t h e  f r e s h w a t e r  i c e

s l u r r y suppor ts t h e content ion  tha t  movement  o f  sed iment  par t i c les  can occur

d u r i n g the f reez ing process and that  th is  movement  can be due to  fo rces  o ther

t h a n  g r a v i t y  a l o n e . Both  labora tory  and theore t ica l  s tud ies  have demonst ra ted

t h a t sed iment  par t i c les  up  to  severa l  cm in  d iameter  can be moved hor izonta l l y

a s  w e l l  a s  v e r t i c a l l y  u n d e r  t h e  i n f l u e n c e  o f  a d v a n c i n g  f r e e z e - f r o n t s  in  a q u e o u s

s o l u t i o n s  ( C o r t e ,  1 9 6 2 ;  Uhlmann  et al.,  1 9 6 4 ;  Gilpin,  1 9 8 0 ) .  I n  t h e  l a t t e r

s t u d i e s , f a c t o r s  c h a t a f f e c t e d  p a r t i c l e “ m i g r a t i o n s ” inc luded the s ize  and

shape o f  p a r t i c l e s  a s  w e l l  a s t h e  r a t e  o f  a d v a n c e  o f  a  f r e e z e - f r o n t . For

example, s m a l l e r  p a r t i c l e s  h a d  a  g r e a t e r  t e n d e n c y  t o  “ m i g r a t e , ”  a n d  t h e  f r a c -

t i o n  o f p a r t i c l e s  in  a  g iven s ize  c lass  tha t  moved a  g iven d is tance increased

w i t h s l o w e r r a t e s  o f  f r e e z i n g . I f  e i t h e r  t h e  s i z e  o f  p a r t i c l e s  w a s  t o o  l a r g e

o r t h e r a t e o f a d v a n c e  o f  a f r e e z e - f r o n t  w a s  t o o  r a p i d ,  p a r t i c l e s  b e c a m e

e n g u l f e d a n d  f r o z e n  i n t o  a n  a d v a n c i n g  i c e  m a t r i x  r a t h e r  t h a n  “ e x t r u d e d ”  a h e a d

o f t h e  f r e e z e  f r o n t . I n  t h e  l a t e r a l  f r e e z i n g  e x p e r i m e n t  ( F i g u r e  8 - 2 2 ) ,  t h e

s i z e  o f t h e  p a r t i c l e s  a n d  t h e  r a t e  o f  t h e  f r e e z e - f r o n t  a d v a n c e  w e r e  o b v i o u s l y

c o n d u c i v e  t o t h e  h o r i z o n t a l “ m i g r a t i o n ” o f  p a r t i c l e s , I n  a d d i t i o n  t o  i t s

r e l e v a n c e  t o t h e  f r e e z i n g  p r o c e s s e s  i n  t h i s  s t u d y ,  t h e  c o n c e p t  o f  p a r t i c l e

“ m i g r a t i o n ” a h e a d  o f  a n advanc ing f r e e z e - f r o n t has  a lso  been success fu l ly
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a p p l i e d  t o p a r t i c l e - s o r t i n g  p r o c e s s e s  i n natura l  sed iment  mat r ices  such as

p e r m a f r o s t  z o n e s  d u r i n g  f r e e z e - t h a w  c y c l e s  ( e . g . ,  C o r t e ,  1 9 6 3 ;  M a c k a y ,  1 9 8 4 ;

Anderson,  1988) .

T h e  p u r p o s e  o f  t h e  s e d i m e n t  “ e x p u l s i o n ”  e x p e r i m e n t  in t h e  c u r r e n t

Study was t o e v a l u a t e w h e t h e r  a n advanc ing f r e e z e - f r o n t in  a  congea l ing

seawater S lush i c e s l u r r y c o u l d  i n d u c e “ m i g r a t i o n ” a n d  u l t i m a t e  r e l e a s e  o f

f i n e - g r a i n e d s e d i m e n t  p a r t i c l e s  f r o m  t h e  s l u r r y .  B e c a u s e  f i e l d  s t u d i e s  h a v e

shown that  mechan ica l  ag i ta t ion  o f  sed iment - laden s lush ice  can produce re lease

o f  p a r t i c u l a t e m a t e r i a l  i n t o  a n  u n d e r l y i n g  w a t e r  c o l u m n  (Dunton  et al. , 1982;

Re imn i tz and Kempema, 1987) ,  spec ia l  care  was taken to  min imize  ag i ta t ion  o f

t h e sed iment - laden s l u s h ice in t h e exper iment . Consequent ly ,  sed iment

re leased dur ing  the exper iment  (F igure  8-24)  shou ld  have been the resu l t  o f  the

p a r t i c l e “ r e j e c t i o n ” process, d e s c r i b e d  a b o v e , d u r i n g  t h e  e v o l v i n g  f r e e z i n g

p r o c e s s  i n t h e  s l u s h  ice  s l u r r y . T h e  r e s u l t s  o f  t h i s  e x p e r i m e n t  a l s o  p r o v i d e

c o r r o b o r a t i v e ev idence t o  f i e l d  o b s e r v a t i o n s  o f  r e l e a s e s o f  fine-grained

p a r t i c u l a t e  m a t e r i a l  f r o m  a s l u s h  i c e  c a n o p y  i n t o  a n  u n d e r l y i n g ,  r e l a t i v e l y

turbu lence-  f ree w a t e r co lumn (e .g . , d iv ing  observat ions  noted in  Reimnitz  a n d

Dunton, 1979)  . In  te rms o f  the  re levance o f  the  sed iment “ e x p u l s i o n ”  e x p e r i -

m e n t  t o r e a l - w o r l d  s i t u a t i o n s , the water  beneath  the  s lush ice  layer  exper i -

e n c e d  a  s u b s t a n t i a l  s a l i n i t y  i n c r e a s e  i n  c o n j u n c t i o n  w i t h  t h e  e v o l v i n g  f r e e z i n g

process. F ie ld  s tud ies  in  sha l low nearshore  and lagoon areas o f  Arc t ic  mar ine

e n v i r o n m e n t s  h a v e d o c u m e n t e d  s a l i n i t y  i n c r e a s e s  ( d u e  t o  b r i n e  r e j e c t i o n )  t h a t

can a p p r o a c h  1 0 0  p p t d u r i n g  f r e e z i n g  ( W a l k e r , 1974; Hume and Schalk,  1976;

Wiseman, 1979 ; Matthews, 1981; Mat thews and St r inger ,  1984) . Consequent ly ,

r e s u l t s  o f  t h e  e x p e r i m e n t  i n  t h i s  s e c t i o n  m a y  b e  m o r e  a p p r o p r i a t e l y  e x t r a p o l a t -

ed to s h a l l o w  n e a r s h o r e and coasta l  lagoon areas, as opposed to deep-water

s h e l f  o r open ocean ic env i ronments where s a l i n i t y changes would be less

pronounced due to  d i lu t ion .

W h i l e  t h e  s e d i m e n t “ e x p u l s i o n ” experiment by no means yields a de-

t a i l e d ins ight  in to  the  phenomenon o f  par t ic le  “ re jec t ion”  ahead o f  an  advanc-

i n g  f r e e z e - f r o n t , t h e  d y n a m i c n a t u r e  o f  r e t e n t i o n  o r  r e l e a s e  o f  s e d i m e n t a r y

m a t e r i a l  f r o m  a  s l u s h  i c e  m a t r i x  c a n  h a v e  b r o a d  i m p l i c a t i o n s  f o r  a  v a r i e t y  o f

processes in  reg ions a f fec ted by  sea ice . Retent ion  and subsequent  re lease o f
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sed imentary m a t e r i a l  f r o m  a n  i c e  c a n o p y  ( d u r i n g  e i t h e r  i n i t i a l  c o n g e l a t i o n  i c e

f o r m a t i o n  o r la ter  mel t ing  o f  a  so l id  ice  canopy)  can be impor tan t  to  s t u d i e s

re la t ing  to spat ia l  t ranspor t  of s e d i m e n t s  b y  i c e  ( R e i m n i t z  a n d  K e m p e m a ,  1 9 8 7 ) .

These e x p e r i m e n t s ,  i n c o m b i n a t i o n  w i t h  t h e  r e s u l t s  p r e s e n t e d  i n

S e c t i o n s  8 . 3  a n d  t h e  r e s t  o f  S e c t i o n  8 . 4 , demonstrate that there are a n u m b e r

of mechan isms which  are  impor tant  fo r  unders tand ing both  sed iment  incorpora t ion

and i t s u l t i m a t e  f a t e  a n d  r e l e a s e  f r o m  s e a  ice c a n o p i e s .  C o n s e q u e n t l y ,  a n

in-depth  apprec ia t ion  and unders tand ing o f  the  n u m e r o u s  fac tors  cont r ibu t ing  t o

r e t e n t i o n and movement  o f  f ine-gra ined sed imentary  mater ia l  in  congea l ing  sea

i c e canop ies  is  necessary  before  any specu la t ions  and model ing  in  a  pred ic t ive

sense c a n  b e  i n i t i a t e d . In  any event , t h e  e v o l u t i o n  o f  s e d i m e n t - l a d e n  i c e  i s

c l e a r l y  a  s t o c h a s t i c  p r o c e s s  w h i c h  m a k e s  p r e d i c t i v e  m o d e l i n g  d i f f i c u l t .

8 . 5 EXAMINATION OF OTHER MECHANISMS FOR THE FORMATION OF SEDIMENT-LADEN
ICE CANOPIES -- SPM ENTRAINMENT BY RISING FRAZIL  ICE CRYSTALS

8 . 5 . 1 I n t r o d u c t i o n

D u r i n g a l l  o f  t h e  w a v e - t a n k  s t u d i e s ,  it  was noted that  SPM-laden  s e a -

water  sp lashed onto  so l id  ice  or  o ther  sur faces eas i ly  re ta ined i ts  SPM load as

i t  w a s  f r o z e n  i n  p l a c e . Thus,  h igh  sed iment  loads  cou ld  at  least  be depos i ted

o n t o  t h e  s u r f a c e  o f  e x i s t i n g  i c e  f l o e s  t h a t  w a y . However ,  in  a l l  the  wave- tank

exper iments , a  h igh  leve l  o f  SPM cou ld  never  be  main ta ined in  the  sur face ice

canopy for a sustained period because of che s e l f - c l e a n i n g  m e c h a n i s m s  d i s c u s s e d

i n  S e c t i o n  8 . 4 .

T h e s e  o b s e r v a t i o n s l e a d  t o  t h e  h y p o t h e s i s  t h a t  i n  n a t u r e  t h e  v a r y i n g

levels  o f S P M  i n  s u r f a c e i c e are  dependent  on the s tochast ic  sequence o f

weather events d u r i n g  f r e e z e u p : S P M - l a d e n  s l u s h  i c e  will  re ta in  i t s  sed iment

l o a d  o n l y  i f  t h e  w e a t h e r  l i e s  d o w n q u i c k l y a f ter  a s t o r m  a n d  t h e  n a t u r a l

wave-dampening e f f e c t  o f  t h e  s l u s h  i c e p r e v e n t s  f u r t h e r  r a i n o u t  o f  t h e  s e d i m e n t

f rom the ice  canopy a s  i t  f r e e z e s .
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E x p a n d i n g  o n t h e  a b o v e  h y p o t h e s i s , i t  h a s  b e e n  o b s e r v e d  t h a t  t h e

w a t e r - m i x i n g  d e p t h  i n the Beaufort Sea can reach 18 to 20 m during a severe

s torm event . I f  the  s torm occurs  dur ing  fa l l  f reezeup and the water  is  super -

c o o l e d t o  t h e  p o i n t  t h a t  frazil  i c e  m a i n t a i n s  i t s e l f  i n  a  “ a c t i v e ”  s t a t e  f o r  a

s u s t a i n e d  p e r i o d ,  t h e n  s i g n i f i c a n t  a d h e s i o n  o f  S P M  m i g h t  o c c u r . However, even

i f t h e  frazil i ce  is  no t  main ta ined in  a “ s t i c k y ”  s t a t e , t h e  p l a t e l e t s  c o u l d

a l s o  b e  c a p a b l e o f  p a s s i v e l y  s c a v e n g i n g  ( f i l t e r i n g )  h i g h  l o a d s  o f  s u s p e n d e d

p a r t i c u l a t e  m a t e r i a l  f r o m  t h e  w a t e r  c o l u m n  a s  t h e y  w o r k  t h e i r  w a y  t o  t h e

s u r f a c e a f t e r t h e s term subs ides . As  th is  SPM-laden  frazil  i c e  r e a c h e s  t h e

s u r f a c e , i t  can then e i ther  undergo se l f -c lean ing,  as  observed in  the  wave- tank

and r a c e t r a c k  f l u m e  e x p e r i m e n t s , o r  i f  t h e  w e a t h e r  l i e s  d o w n  q u i c k l y ,  g r o w

th ick  enough fas t  enough so that  res idua l  wave turbu lence subs ides to  the  po in t

a t wh ich a d d i t i o n a l  s e l f - c l e a n i n g  o f  t h e  i c e  b y  t u r b u l e n t  m e c h a n i s m s  i s  n o t  a

f a c t o r . I n  t h i s  m a n n e r , h i g h e r c o n c e n t r a t i o n s  o f s u s p e n d e d  p a r t i c u l a t e

mater ia l  in  a  seasona l  i ce  canopy wou ld  resu l t ,  as  observed in  the  f ie ld .

I n  a n  a t t e m p t

p l a n n e d  a n d  u n d e r t a k e n

l e a s t ) b e  e s t a b l i s h e d

t o address th is  poss ib le  scenar io ,  exper iments  were

to  demonst ra te  f i rs t  tha t  a  heavy S P M  l o a d  c o u l d  ( a t

and main ta ined i n  t h e  i c e  c a n o p y  u n d e r  e x p e r i m e n t a l

c o n d i t i o n s . Then, w i t h  t h a t  s u c c e s s f u l  d e m o n s t r a t i o n  as  a  bas is  fo r  fu r ther

Study , r e f i n e m e n t s were  incorpora ted in to  the  exper imenta l  methods to  examine

s e v e r a l mechan isms o f S P M  f i l t r a t i o n  a n d  e n t r a i n m e n t  b y  r i s i n g  frazil  i c e

c r y s t a l s . T h e  f o l l o w i n g  s e c t i o n s  d e s c r i b e  t h e  r e s u l t s  o f  t h o s e  s t u d i e s .

8 . 5 . 2 Wave-Tank Invest iga t ions  o f  Sur face Ice  Canopy Load ing by  Phys ica l
Ent rapment  o f  SPM In to  Rising  Frazil  and Slush Ice Crystals

Before  proceed ing w i th  add i t iona l  exper iments  to  inves t iga te  the  mech-

anisms o u t l i n e d  a b o v e , i t  w a s deemed necessary t o  d e m o n s t r a t e  t h a t  h i g h

sediment loads cou ld  be genera ted in  the  ice  canopy in  the  wave tank,  even i f

a r t i f i c i a l c o n s t r a i n t s had to be placed on the system to mimic a hypothesized

i c e - f o r m a t i o n  e v e n t  i n  n a t u r e .

To under take th is  exper iment , a  s lush ice  layer  was a l lowed to  fo rm to

a depth of 20 cm under  constant  wave turbu lence in  SPM-rich  w a t e r  g e n e r a t e d
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f rom “Jakolof  B a y  2 “ s e d i m e n t  ( s e e  T a b l e  8 - 2  f o r  g r a i n - s i z e  d i s t r i b u t i o n s )  .

The wave paddle w a s  t h e n  t u r n e d  o f f ,  a n d  subsamples  o f  the  sur face s lush ice

and water  co lumn were  co l lec ted fo r  SPM-concentration  d e t e r m i n a t i o n s . As shown

b y the data  in  Tab le  8-6 ,  the  SPM load in  the  sur face s lush ice  was 140 mg/L ,

and t h e w a t e r c o l u m n  b e n e a t h  t h e  s l u s h ice had an SPM load of 276 mg/L.

I m m e d i a t e l y  a f t e r these samples  were  co l lec ted , a 30-cm diameter cyl inder was

lowered t h r o u g h the sur face s lush ice  and water  co lumn and a l lowed to  res t  on

t h e  b o t t o m  o f t h e t a n k . T o  d e m o n s t r a t e  t h a t  s lush ice  r is ing  th rough th is

SPM-rich  w a t e r  c o l u m n would entrain a higher S P M  l oad and main ta in  tha t  load

w i t h s u b s e q u e n t  f r e e z i n g  i n  t h e  a b s e n c e  o f  t u r b u l e n c e ,  t h e  i c e  w i t h i n  t h e

c y l i n d e r w a s  v i g o r o u s l y mixed to  the  bot tom and a l lowed to  resur face. Addi -

tional aliquots  o f t h e  s u r f a c e  i c e , f rom ins ide  the  cy l inder  and f rom an un-

mixed cont ro l  a rea immedia te ly  ad jacent  to  the  cy l inder ,  were  then removed for

S P M  d e t e r m i n a t i o n s , and the  ent i re  ice  canopy wi th in  the  wave tank  was a l lowed

t o  f r e e z e  w i t h o u t  a n y  a d d i t i o n a l  t u r b u l e n c e .

A f t e r  1 4  h o u r s , sur face ice  cores  were  removed f rom the ice  canopy

w i t h i n t h e c y l i n d e r a n d  t h e  a d j a c e n t control  area for examination and SPM

a n a l y s i s . The d i f fe rence in  SPM loads  can easi ly be seen in the photographs of

t h e  c r o s s  s e c t i o n s  o f  t h e  c o r e s  ( F i g u r e  8 - 2 5 ) , and i t  i s  even more apparent  in

the  SPM gravimetric  data presented in Table 8-6. As shown by the data in the

(havimetrichudyses  ofSPl$4Loadsinthe  SurfaseIceCano
#’DutinlYvtitigatiOnsofPhysial  En&apmentofSPM byRisingFraziiand  wjh~ce rystals

SPML(MIAl~(mgtL)

The
Slush Ice After

Date
Mixing Wllh

b) Wnrer &l SPM-RichWater

16-Feb-86 2230 276 140 1078
17-Feb-86 1300 NA 109 581
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Figure 8-25. Sid&By-Side Comparison of Surface Cores from the Vetiical CylinderNVave-Tank
Experiment

The com from the slush ice that was mixed inside the cylinder with the underlying SPM-laden
seawater is on rhe left and the core born the adjacent control area is on the right.
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t a b l e , t h e  a m b i e n t  S P M  load in  the  cont ro l  a rea f rom the sur round ing ice  layer

w a s  1 4 0  rng/L  a t  t h e  i n i t i a t i o n  o f  t h e  e x p e r i m e n t , whereas the SPM load trapped

w i t h i n t h e i c e m i x e d  d o w n  i n t o  t h e  w a t e r co lumn ins ide  the  exper imenta l

c y l i n d e r was n e a r l y  1 0 8 0  mg/L. W i t h  s u b s e q u e n t  f r e e z i n g ,  t h e  i c e  l o a d i n g  i n

b o t h  t h e  s l u s h  i c e  c o n t r o l  o u t s i d e o f  t h e  s t i r r e d  c y l i n d e r  a n d  w i t h i n  t h e

s t i r r e d  c y l i n d e r decreased. H o w e v e r ,  a n  e l e v a t e d  l e v e l  o f  5 8 1  m g / L  o f

suspended sed imentary m a t e r i a l  w a s  m a i n t a i n e d  w i t h i n  t h e  i c e  c a n o p y  t h a t  h a d

been rap id ly  mixed in to  under ly ing  SPM-r ich  water  and then a l lowed to  f reeze in

t h e  a b s e n c e  o f  f u r t h e r  t u r b u l e n c e .

T h e  r e s u l t s o f  t h e  c y l i n d e r  e x p e r i m e n t  i n d i c a t e d  t h a t  h i g h  l e v e l s  o f

SPM cou ld  be genera ted in  the  wave- tank  sys tem;  however ,  even in  th is  ins tance

t h e r e was some self-cleaning which may have been due to the advancing freeze-

f ron t  mechan ism descr ibed in  Sect ion  8 .4 .5 .

T h e s e  e x p e r i m e n t s s u p p o r t  t h e  e a r l i e r  h y p o t h e s i s  t h a t  i f  a n  e l e v a t e d

l o a d  o f  S P M  i s  g e n e r a t e d  i n  t h e  w a t e r  c o l u m n  d u r i n g  a  s t o r m ,  t h e n  i t  c a n  b e

t r a p p e d a n d  m a i n t a i n e d  b y  r i s i n g  frazil  and s lush ice  i f  the  weather  l ies  down

v e r y  q u i c k l y  a f t e r  t h e frazil/slush  i c e  s e d i m e n t  m a t r i x  s u r f a c e s .  As

a d d i t i o n a l ice  growth  ensues in

i f  f r e e z i n g  c o n t i n u e d  u n d e r  c a l m

o f r e l a t i v e l y c l e a n columnar

l a y e r . T h i s  s c e n a r i o  e x p l a i n s

the form of columnar ice (as would be the case

c o n d i t i o n s , e . g . ,  P a y n e  e t  a l . ,  1 9 8 7 a )  a  l a y e r

i c e  w o u l d  d e v e l o p  b e n e a t h  t h e  “ d i r t y ”  s u r f a c e

the observat ions  f rom f ie ld  s tud ies  wh ich  have

s h o w n  a  s i g n i f i c a n t  d i s c o n t i n u i t y  i n  t h e  S P M  l o a d  a t  t h e  s l u s h  ice/colummar  ice

i n t e r f a c e  (Osterkamp  a n d  G o s i n k ,  1 9 8 4 ;  Wang, 1979;  Weeks and  Hamilton,  1962).

8 . 5 . 3 Kasitsna  B a y  L a b o r a t o r y  T e s t s  o f  C u r r e n t - D r i v e n  F i l t r a t i o n  o f
SPM-Laden Water By Frazil/Slush  Ice Pans

8 . 5 . 3 . 1  I n t r o d u c t i o n

In  the  f ie ld  and in  wave- tank  s tud ies ,  frazil  i c e  h a s  b e e n  o b s e r v e d  t o

e x i s t  a s f o r m a t i o n s of  porous masses o f  c rys ta ls  bonded together  to  vary ing

degrees. Depending on the s ta te  of  f r e e z i n g , i t  i s  s o m e t i m e s  p o s s i b l e  t o  f o r c e

a n  a r m t h r o u g h t h e m a t r i x , and a t  o ther  t imes i t  may requ i re  some force  to
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p e n e t r a t e t h e  m a t e r i a l  a t  a l l . Naidu  (1980)  proposed that  seawater  conta in ing

suspended sed iment  may f low through the  porous fo rmat ions  o f  frazil  ice before,

d u r i n g  a n d a f t e r  f r e e z e u p , and that this mechanism may be used to explain the

i n c r e a s e d s e d i m e n t  l o a d s  o b s e r v e d i n  i c e  c a n o p i e s  u n d e r  c e r t a i n  c o n d i t i o n s .

Ostercamp a n d  G o s i n k  ( 1 9 8 4 )  p r e s e n t e d  a d d i t i o n a l  t h e o r e t i c a l  c a l c u l a t i o n s

r e l a t i n g t o  t h e  f i l t r a t i o n  m e c h a n i s m  i n  c o m b i n a t i o n  w i t h  d i r e c t  e n t r a i n m e n t  o f

S P M  b y  frazil  i ce  (or  der ived fo rms o f  frazil  i c e )  d u r i n g  i c e  f o r m a t i o n  u n d e r

c o n d i t i o n s o f  h i g h t u r b u l e n c e  a s t h e  m o s t l i ke ly  mechan isms fo r  sed iment

ent ra inment  in  the  sea ice  cover .

T h e  h y d r a u l i c  g r a d i e n t  o r  d r i v i n g  f o r c e  f o r  t h e  w a t e r  f l o w  a c r o s s  o r

t h r o u g h a frazil  pan was assumed by Osterkamp and Gosink to have both horizon-

t a l  a n d v e r t i c a l components . I f  a  h o r i z o n t a l  c u r r e n t  v e l o c i t y  o f  a b o u t  0 . 1 0

m / s e e  i s b locked by  a  frazil  pan o f  approx imate ly  1  m in  the  d i rec t ion  o f  the

f low,  then a  hor izonta l  f low ra te  o f  1 .6  pm/see was ca lcu la ted th rough the pan.

S u b s t a n t i a l l y  h i g h e r  v e r t i c a l f l o w  r a t e s  w e r e  e s t i m a t e d  f o r  w a v e s  s p l a s h i n g

o v e r  f l o a t i n g  frazil  i c e .  F o r  e x a m p l e , a O.1-m  o v e r f l o w  o n  I . O - m  t h i c k  frazil

i m p l i e d  a  v e r t i c a l -3flow rate of 0.3 x 10 m/see. G i v e n  t h e s e  t h e o r e t i c a l

estimates , Osterkamp and Gos Ink c a l c u l a t e d t h a t t h e v e r t i c a l f i l t r a t i o n

mechanism c o u l d e x p l a i n o b s e r v e d  s e d i m e n t  l o a d s  in frazil  floes or p a n s  w i t h

d iameters m u c h  l e s s  t h a n  1 m if t h e  d e p o s i t i o n  t ime sca le  was on the  order  o f

8 hr (or a p p r o x i m a t e l y the per iod  o f  a  s torm event  capab le  o f  ra is ing  waves

s u f f i c i e n t to overtop the frazil)  and the ambient SPM load in the water column

was 1 mg/L. I n  t h e s e t h e o r e t i c a l c a l c u l a t i o n s , t h e e f f i c i e n c y o f  t h e

f i l t r a t i o n process and the  permeabi l i t y  o f  the  frazil  i ce  mat r ix  were  unknown;

however, t h e c o n c e p t  d e s c r i b e d  i n  t h e i r  p a p e r  se~ed  a s  t h e  f r a m e w o r k  f o r  a

numb e r o f  f i l t r a t i o n  e x p e r i m e n t s  w h i c h  w e r e  u n d e r t a k e n  i n  t h e  w a l k - i n  coldroom

and wave- tank  sys tem at  Kas i tsna Bay as  par t  o f  th is  exper imenta l  p rogram.

8 . 5 . 3 . 2  M e t h o d s  f o r  H o r i z o n t a l  a n d  V e r t i c a l  F i l t r a t i o n  E x p e r i m e n t s

As d e s c r i b e d  i n  S e c t i o n 8.2 ,  the  exper imenta l  wave- tank  sys tem and

p lumbing c o n f i g u r a t i o n w e r e  d e s i g n e d  t o a l l o w  s i m u l a t i o n  o f  w a t e r  c u r r e n t s

t h r o u g h  a frazil  i c e  m a t r i x . Th is  was to  be  accompl ished by  rec i rcu la t ing

c h i l l e d  w a t e r  t h r o u g h  t h e  i n p u t  a n d  e x h a u s t  h e a d e r s  s p e c i f i c a l l y  c o n s t r u c t e d  i n
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t h e  w a v e - t a n k  s y s t e m ( s e e  F i g u r e s 8 - 4  t h r o u g h  8 - 8 ) . F l o w  c o n t r o l l e r s  a n d

p l u m b i n g  i n  a n ad jacent  cont ro l  room a l lowed measurement  o f  water  f low ra tes

t h r o u g h  t h e  u p p e r  a n d  l o w e r  r e c i r c u l a t i n g  l i n e s .

D u r i n g i n i t i a l s c o p i n g  d e t e r m i n a t i o n s , s i g n i f i c a n t q u a n t i t i e s  o f

frazil  i ce  were ent ra ined in to  the  exhaust  headers  and dest royed by  the in - l ine

pump ing s y s t e m  i n t h e a d j a c e n t c o n t r o l room. T h e r e f o r e ,  p l a s t i c  s c r e e n

m a t e r i a l o f  l - m m  m e s h  w a s  i n s t a l l e d  o v e r  t h e  e x h a u s t  h e a d e r s  i n  t h e  t a n k  t o

p r e v e n t e n t r a i n m e n t  o f i c e  c r y s t a l s  b y  t h e  r e c i r c u l a t i n g  s y s t e m . A d d i t i o n a l

f l o w  c o n t r o l s w e r e  i n s t a l l e d  t o  a l l o w  a d j u s t m e n t  o f  t h e  f l o w  r a t e  t h r o u g h  t h e

u p p e r  a n d  l o w e r  r e c i r c u l a t i n g  s y s t e m  t o  f u r t h e r  m i t i g a t e  a g a i n s t  e n t r a i n m e n t  o f

i c e . A f t e r  t h e s e i n i t i a l m o d i f i c a t i o n s  t o  t h e  r e c i r c u l a t i o n  s y s t e m ,  t h r e e

a t t e m p t s were u n d e r t a k e n  t o g e n e r a t e  a s u f f i c i e n t  h o r i z o n t a l  c u r r e n t  f l o w

t h r o u g h t h e slush ice field in the wave t a n k  t o  a l l o w  i n v e s t i g a t i o n  o f

h o r i z o n t a l  f i l t r a t i o n  o f  S P M  b y  frazil  i c e  p a n s .

U n f o r t u n a t e l y , a l l  a t t e m p t s  a t  e x e c u t i n g  t h i s  e x p e r i m e n t  f a i l e d . Four

m a j o r  f a c t o r s  c o n t r i b u t e d  t o  t h e  l a c k  o f  s u c c e s s :

e T h e  r e c i r c u l a t i n g  p u m p a d d e d  a n  u n a c c e p t a b l e  h e a t  l o a d  t o  t h e
w a t e r i n  t h e  r e c i r c u l a t i n g  s y s t e m . Thae  i s ,  h e a t  i n p u t  f r o m  t h e
r e c i r c u l a t i n g s y s t e m  d e s t r o y e d  t h e  s l u s h  i c e  f i e l d , and the
c o o l i n g c a p a c i t y o f  t h e  r e f r i g e r a t i o n  s y s t e m  i n  t h e  coldroom  w a s
n o t  s u f f i c i e n t  t o  o v e r r i d e  t h i s  h e a t - i n p u t  p r o c e s s .

@ Because of  res t r i c t ions  in  f low impar ted  b y  t h e  s c r e e n s  p l a c e d  o n
the exhaust  header  por ts , t h e  h o r i z o n t a l  c u r r e n t  i n  t h e  t a n k  c o u l d
n o t  b e  m a i n t a i n e d  a t  r a t e s  g r e a t e r  t h a n  0 . 3  c m / s e c  ( e s t i m a t e d  b y
measuring t h e t i m e  r e q u i r e d  f o r  n e u t r a l l y  b u o y a n t  p l a s t i c  m a r k e r
d i s k s to  t ransect  a  measured d is tance in  the  tank)  in  the  absence
o f  s l u s h  i c e .

@ Under these low cur rent  speeds, su f f i c ien t  SPM loads cou ld  no t  be
m a i n t a i n e d  i n t h e  w a v e t a n k  t o  c o n d u c t  t h e  e x p e r i m e n t s  i n  t h e
absence of wave turbulence.

e When wave turbulence was introduced to maintain a higher SPM load
i n t h e  w a t e r column, t h i s same wave turbu lence caused self-
c l e a n i n g  o f t h e  frazil  i c e  a n d  s l u s h  i c e  m a t r i x  a s  d e s c r i b e d  i n
S e c t i o n  8 . 4 ,
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As a r e s u l t  o f these c o m p l i c a t i o n s ,

system was eventua l ly  abandoned,  and a  ser ies  of

exper iments were u n d e r t a k e n  i n w h i c h  a c l e a n

t h e  u s e  o f  t h e  r e c i r c u l a t i n g

v e r t i c a l  a n d  h o r i z o n t a l  t u b e

s l u s h i c e matrix  f rom the

r a c e t r a c k  f l u m e  w a s  i s o l a t e d in an exper imenta l  tube and vary ing  a m o u n t s  o f

SPM-laden  s e a w a t e r  w e r e  a l l o w e d  t o  p e r c o l a t e  ( f i l t e r )  t h r o u g h  i t .

D u r i n g  F e b r u a r y  a n d  A u g u s t  1 9 8 6 , a  to ta l  o f  6  ver t i ca l  co lumn and 3

h o r i z o n t a l  t u b e  f i l t r a t i o n  e x p e r i m e n t s  w e r e  s u c c e s s f u l l y  c o m p l e t e d . In  each o f

thes e exper iments S P M  e i ther  f rom the wave tank  or  f rom the USGS racet rack

f l u m e  w a s  u s e d  a s  f e e d  m a t e r i a l ,  a n d  i n  a l l  c a s e s ,  t h e  S P M  was  d e r i v e d  f r o m

Jakolof  B a y  s e d i m e n t s  ( s e e  T a b l e  8 - 2  f o r  g r a i n  s i z e  d i s t r i b u t i o n s ) . R e p l i c a t e

S P M  l o a d s  w e r e  m e a s u r e d  i n t h e  f e e d  w a t e r  a n d  d r a i n  w a t e r  ( w a t e r  p a s s i n g

t h r o u g h t h e S lush i c e )  ,  t h e  i n t e r s t i t i a l  w a t e r  w i t h i n  t h e  i c e  m a t r i x ,  a n d  a t

v a r i o u s  d e p t h s  w i t h i n  t h e i c e  c o r e s conta ined in  the  tube. I n  a l l  o f  t h e

v e r t i c a l tube exper iments , the  s lush ice  was main ta ined on top  o f  a  ver t i ca l

water  co lumn by  p lac ing  the  s lush ice  to  vary ing  depths  (10 to  30 cm)  on top  o f

f resh -1 .83°C seawater  and then in t roduc ing -1.83°C  SPM-laden  w a t e r s  t o  t h e  t o p

o f t h e t u b e  w h i l e  d r a i n i n g water  f rom the bot tom of  the  tube a t  a  constant

r a t e . Depending on the experiment, SPM-laden  f e e d  w a t e r  w a s  e i t h e r  c o l l e c t e d

f r o m  t h e r a c e t r a c k  f l u m e  o r the wave tank,  p laced in  a  reservo i r ,  and then

t ransfer red to  the  ver t ica l  tube wi th  a  s iphon as  shown in  F igure  8-26.

A t  t h e c o n c l u s i o n  o f a  f i l t r a t i o n  e x p e r i m e n t ,  t h e  u n d e r l y i n g  w a t e r

s u p p o r t i n g t h e i c e  p l u g was dra ined,  and the tube conta in ing the  in tac t  i ce

p lug w a s  p l a c e d  b a c k  i n  t h e

s o l i d i f i c a t i o n  o f the  ice  core

sed iment m a t r i x . Subsamples

v a r i o u s  d e p t h s  a s  i l l u s t r a t e d  i n

8 . 5 . 3 . 3  R e s u l t s  o f  V e r t i c a l  a n d

coldroom  f o r  a p p r o x i m a t e l y  1 h r  f o r  a d d i t i o n a l

to al low i t  to be e x t r u d e d  a s  a  c o n t i n u o u s  ice

o f t h e e x t r u d e d ice core  were then taken a t

F igure  8-27.

H o r i z o n t a l  S l u s h  I c e  F i l t r a t i o n  E x p e r i m e n t s

Tab le  8-7  presents  grav imet r ic  SPM data ,  f i l te r ing  t i m e s ,  a n d  v o l u m e s

f i l t e r e d  f o r  t h e  v e r t i c a l  c o l u m n  e x p e r i m e n t s . AS shown by the data in the

t a b l e , s i g n i f i c a n t c o n c e n t r a t i o n  a n d  e n t r a p m e n t  o f  SPM was r o u t i n e l y  o b s e r v e d

a s  SPM-laden  w a t e r  w a s  a l l o w e d  t o  f i l t e r  t h r o u g h  t h e  s l u s h  i c e  c o n t a i n e d  w i t h i n
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Figure  8-26. Entrapment of Suspended Particulate Material in the Slush  Ice During a Vertical
Filtration Experiment

Ap roximately 30 cm of coagulation ice is supported by a clean water column, and SPM-laden
L  ““sp h water k  introduced at the surface.
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Figure 8-27. Extruded Sediment Core from Verticai  Filtration Experiment Compieted  on 20
February 1986 Showing Dirty ice at the 7- to 12-cm Depth with Reiativeiy  Ciean  ice
Present on Either Side
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Tabie  8-7

Results of (iravimetric  Analyses  of SPM Loads in Feed Water, Drain Water, and Slush Ice Collected During Vertical Column Experiments

slush Iee

z

5PM LOADS (mg/L)

Dase
~. . ~.

5PM T@ (cm)
Feed Dmin

Gmmsems
Slush Iee

Water Water T
(cm)

(@7) (-7-12) (12-15) 15-20)  (2C-25) (25-30)

18-Feb-86 Unaled Jakolof sediment loi211 Wave taok 2 SPM; 5 gal fil[aed in 15 min 157 151 190 NA NA NA NA NA

19-Feb-86 UnoiJed Jakolof sediment 29/40 Wave tank 3 5PM; 4.5 gal illtered in 26 miss 555 243 1,490 NA NA NA NA NA

27-Feb-86 Unoiled Jakolof  sediment 19/28 5PM fmnr flume; 2.5 gal filtered in 10 min 199 47 4,690 NA NA NA 348 NA

20-Feh-86 Oiled Jakolof  sediment 29t34 SPM from flume; 5 gal ftiemd in 20 mirs 99 68 173 6,040 4,720 1,070 835 1,070

27-Feb-86 Oiled Jakolof  sediment 25/30 5PM frcm flurn~ 3.5 gaf tiltemd in 8 min 98 59 1160 NA NA 149 NA 369

14-Aug-86 Unoiled Jakolof sedimmt 5 A12-emx 5-an fmzilpan was#acedina 21,064 10,141 8,750 NA NA NA NA NA
glass filtec 300 mL of feed water wem
allowed to falter through irs appmx.  2 rein;
final SPM loud in im was measmtd in
triplicate (i.e., r =3, CV = 20%)

NA = nos available
● (irrihin)  denotes inirial and tinal shsalr iee &@  m the column



t h e tube. In  each c a s e  s i g n i f i c a n t l y  e l e v a t e d  SPM loads w e r e  o b t a i n e d  i n  t h e

s l u s h iee c o m p a r e d  to the feed water  and dra in  water ,  and there  appeared to  be

l i t t l e  v a r i a t i o n  i n  f i l t r a t i o n e f f i c i e n c y  w h e n  e i t h e r  u n o i l e d  o r  p r e v i o u s l y

oiied  S P M  m a t e r i a l s  w e r e  u s e d . A s  d i s c u s s e d i n  S e c t i o n  8 . 3 . 4 , 2  f o r  t h e

racet rack  f lume exper iments , the  o i led  SPM m a t e r i a l  w a s  o b t a i n e d  f r o m  a  s t i r r e d

c h a m b e r  oil/SPM i n t e r a c t i o n experiment conducted in a 28-L chamber (Payne et

a l . , 1987b)  . Thus , t h e o i l e d  S P M  u s e d  i n a l l  o f these s t u d i e s was

r e p r e s e n t a t i v e of  the  type o f  o i led  SPM t h a t  w o u l d  b e  e n c o u n t e r e d  a f t e r  a n  o i l

s p i l l  e v e n t  i n  SPM-rich  w a t e r s .

In  m o s t  c a s e s , t h e  m a j o r i t y  o f  t h e  SPM m a t e r i a l  w a s  t r a p p e d  i n  t h e

upper  0-10 cm o f  the  s lush ice  mat r ix . However, in one experiment (20 February

1 9 8 6 )  a d d i t i o n a l  frazil/slush  i c e  g r o w t h  o c c u r r e d  i n  t h e  v e r t i c a l  c o l u m n ,  s u c h

t h a t the  upper  O-7  cm of  i ce  was ac tua l ly  c leaner  than the  under ly ing  ice  f rom

7 - 1 2  c m  w h i c h  c o n t a i n e d  t h e  h i g h e s t  SPM c o n c e n t r a t i o n s  ( s e e  F i g u r e  8 - 2 7 ) ,  A s

t h e  d a t a i n  t h e  t a b l e  i l l u s t r a t e , a  s i g n i f i c a n t  c o n c e n t r a t i o n  g r a d i e n t  o f  S P M

was n o t e d f rom the upper  sur face to  the  bot tom of  the  s lush ice  mat r ix  in  the

v e r t i c a l  e x p e r i m e n t s . Th is  grad ient  appeared to  be present  regard less  o f  the

i n i t i a l c o n c e n t r a t i o n  o f t h e SPM load in the feed water and/or the previous

o i l ing  o f  the  SPM load.

F r o m  t h e  v e r t i c a l  c o l u m n exper iments  descr ibed above,  i t  was clear

t h a t SPM- laden water f i l t e r e d  t h r o u g h a ver t i ca l  s lush ice  co lumn produced

e l e v a t e d  l e v e l s of SPM in the ice. However, the  ice  in  those exper iments  had

been manua l ly scooped up f rom the water  sur face in  the  racet rack  f lume and

placed on top of s tand ing water  in  the  tube. T h e r e f o r e , another  exper iment

(No. 3 2 )  w a s  p e r f o r m e d  t o  e x a m i n e  t h e  i n f l u e n c e t h a t  n a t u r a l  s l u s h  ice

a c c u m u l a t i o n ,  f l o c c u l a t i o n , a n d  p a c k i n g  h a d  o n  t h e  f i l t r a t i o n  p r o c e s s . I n  t h i s

exper iment , a  frazil i ce  pan which  had so l id i f ied  in  the  wave tank  under  the

i n f l u e n c e of natural wave turbulence was removed and shaved down to f i t  inside

a  g l a s s  p o w d e r  f u n n e l . In  th is  manner , the  n a t u r a l  s l u s h  i c e  p a c k i n g  d e n s i t y

a n d  j u x t a p o s i t i o n  o f  t h e  s l u s h  i c e  p l a t e l e t s  w e r e  m i n i m a l l y  a l t e r e d . A f t e r  t h e

pan was p laced in  the  funne l , loose ice  shav ings were packed around the s ide o f

the pan,  and the pan was p laced in  the  f reezer  fo r  20 min  so that  i t  adhered to

t h e s i d e s  o f t h e  f u n n e l . The sed iment - laden water  tha t  was then in t roduced
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i n t o the funne l  was thus f i l te red through the ice  and not  a l lowed to  run down

the space between the funne l  and the s ide o f  the  frazil  i ce  pan.

T h e  sed iment  s lu r ry  tha t  w a s  u s e d  in this e x p e r i m e n t  h a d  a n  e x c e e d i n g -

ly  h igh  5PM load (21,000 mg/L), and i t  was in t roduced to  the  top o f  the  frazil

i c e  p a n  o v e r a  2- re in  per iod. The ent i re  vo lume o f  sed iment /  seawater  s lu r ry

p o u r e d  o n t o  t h e  p a n  f i l t e r e d  t h r o u g h  i t , and i t  appeared that  none o f  the water

was r e t a i n e d i n  t h e  i c e  l a t t i c e  ( i . e .  , 300 ml of slurry were added to the top

o f the  ice  and 300 ml  were  co l lec ted out  of  the  bot tom) . S a m p l e s  of  the slush

i c e a n d  f i l t r a t e  w e r e removed,  mel ted ,  and ana lyzed gravimetrically  for SPN

c o n t e n t , T h e  r e s u l t s  f r o m  t h i s  e x p e r i m e n t  a r e  a l s o  p r e s e n t e d  a l o n g  w i t h  t h e

o t h e r  v e r t i c a l  c o l u m n  f i l t r a t i o n  d a t a  i n  T a b l e  8 - 7 . AS t h e  d a t a  i l l u s t r a t e ,  a

s u b s t a n t i a l c l e a n s i n g  o f t h e water  co lumn was noted w i th  a  reduct ion  in  SPM

l o a d  f r o m 2 1 , 0 0 0  m g / L  i n  t h e  f e e d  w a t e r  t o  1 0 , 0 0 0  m g \ L  i n  t h e  f i l t r a t e .  ‘17-w

final slush ice 5PM load was measured at 8,750 mg/L.

T h e s e  d a t a  t a k e n t o g e t h e r  w i t h  t h e  o t h e r  v e r t i c a l  c o l u m n  f i l t r a t i o n

exper iments c l e a r l y  i l l u s t r a t e d  t h e  e f f i c i e n c y  t h a t  s l u s h  i c e  h a s  i n  r e m o v i n g

5PM when introduced from above.

T o  e x a m i n e  t h e  p o s s i b i l i t y  o f  h o r i z o n t a l  c u r r e n t - i n d u c e d  f i l t r a t i o n ,  a

s e r i e s o f  h o r i z o n t a l  f i l t r a t i o n  e x p e r i m e n t s  w e r e  c o n d u c t e d  d u r i n g  t h e  s u m m e r

1986 program. I n  t h i s  c a s e , t h e  i n i t i a l  e x p e r i m e n t s  u t i l i z e d  a  1 0 0 - c m  x  8 - c m

I . D . p l a s t i c  t u b e  filled  w i th  s lush ice  f rom the  wave tank  or  racet rack  f lume.

T h i s t u b e  w a s then suspended hor izonta l ly  in  the  s lush ice  layer  in  t h e  w a v e

t a n k  ( F i g u r e  8 - 2 8 )  a n d  s e d i m e n t - l a d e n  w a t e r  w a s  i n t r o d u c e d  a t  o n e  e n d  o f  t h e

t u b e  f r o m  e i t h e r  t h e  r a c e t r a c k  f l u m e  o r  t h e  w a t e r  f r o m  b e n e a t h  t h e  i c e  c a n o p y

in  the  wave tank . T h e  d r i v i n g  f o r c e  f o r  h o r i z o n t a l  w a t e r  m i g r a t i o n  t h r o u g h  t h e

tube w a s  p r o v i d e d b y  i n i t i a t i n g  a  s i p h o n  f r o m  t h e  e x i t  e n d  o f  t h e  t u b e  w h i c h

d r a i n e d  i n t o a  c o l l e c t i o n  b u c k e t  l o c a t e d  o u t s i d e  o f  t h e  c o l d  r o o m . T h e  t o t a l

head d i f fe rent ia l  in  each o f  the  hor izonta l  tube exper iments  was measured and,

a s  b e f o r e , s a m p l e s  o f  t h e  i n i t i a l  s l u s h  i c e  i n  t h e  t u b e ,  t h e  f e e d  w a t e r  ( b o t h

a t t h e  i n i t i a t i o n  a n d  t e r m i n a t i o n  o f  t h e  e x p e r i m e n t s ) ,  a n d  t h e  d r a i n  w a t e r  ( a t

t h e i n i t i a t i o n and t e r m i n a t i o n  o f  t h e  e x p e r i m e n t s ) ,  a s  w e l l  a s  t h e  s l u s h  i c e
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Figure 8-28. Installation of a Horizontal lUbe In the Slush Ice Field to Evaluate the Horizontal
Filtration Hypothesis of Sediment Removai
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c o n t a i n e d i n  t h e  t u b e  i t s e l f ,  w e r e  c o l l e c t e d  f o r  gravimetric  d e t e r m i n a t i o n s  o f

SPM loads.

T h e  r e s u l t s  o f  t h e s e  h o r i z o n t a l  f i l t r a t i o n  e x p e r i m e n t s  a r e  p r e s e n t e d

i n  T a b l e  8 - 8 . O n e  o f  t h e  s u r p r i s i n g  r e s u l t s  f r o m  t h e  h o r i z o n t a l  e x p e r i m e n t s

w a s  a  d i f f e r e n t i a t i o n  o f  c l e a n  a n d  d i r t y  i c e  w i t h i n  t h e  h o r i z o n t a l  t u b e  i t s e l f ,

F igure  8-29 is  a  photograph o f  the  hor izonta l  tube a f te r  remova l  f rom the wave

t a n k  a t the  te rminat ion  o f  Exper iment  No.  48 . Q u i t e  c l e a r l y ,  t h e  u p p e r  l a y e r

o f t h e i c e  i n  t h e  t u b e  w a s  r e l a t i v e l y  c l e a n , w h i l e  t h e  l o w e r  t h i r d  o f  t h e  i c e

in  the  tube conta ined a  s ign i f i cant  amount  o f  sed imentary  mater ia l .

B e c a u s e  o f  t h i s  v e r t i c a l  s e g r e g a t i o n , there  is  some quest ion  as  to  the

v a l i d i t y  o r a p p l i c a b i l i t y o f  t h e  h o r i z o n t a l  f i l t r a t i o n  r e s u l t s  t o  r e a l - w o r l d

s i t u a t i o n s . S p e c i f i c a l l y ,  i t  i s  p o s s i b l e  t h a t  s l u s h  i c e  S P M  i n  t h e  l o w e r

i n t e r s t i c e s  o f t h e s lush ice  in  the  tube wou ld  eventua l ly  be  re leased to  the

w a t e r column and n o t r e t a i n e d  u n d e r  n a t u r a l  c o n d i t i o n s . N e v e r t h e l e s s ,  t h e

r e s u l t s  o f two exper iments  w i th  the  r ig id  tube (Nos.  46  and 48)  showed some

reduct ion  in  the  SPM load f rom the in i t ia l  and f ina l  feed water ’  compared to  the

i n i t i a l a n d  f i n a l  f i l t r a t e , and a  s ign i f i cant  SPM load was measured in  the

“ d i r t y ” lower slush ice contained in the tubes. In Experiment 46, the SPM load

was fairly constant over the 1 hr of the experiment, whereas in Experiment 48,

the SPM load in the feed water showed a decl ine over the course of the experi-

ment. I n  t h e  e x e c u t i o n  o f  E x p e r i m e n t  4 8 , t h e  f i l t r a t i o n  w a s  a l l o w e d  t o  r u n

o v e r n i g h t . T h e  p u r p o s e  of the  longer  runn ing exper iment  was to  obta in  f i l t ra -

t i o n r a t e s in  a  h o r i z o n t a l  t u b e  a t  l o w e r  f l o w  r a t e s  o v e r  a  l o n g e r  p e r i o d  o f

t i m e . At  the  in i t ia t ion  o f  the  exper iment ,  the  feed water  S P M  l o a d  w a s  410

mg/L;  after 14 hr  the SPM load in the feed water had dropped to 268 mg/L. %ven

a t that  concentrat ion,  however , a  s i g n i f i c a n t  r e d u c t i o n  i n  t h e  f i n a l  f i l t r a t e

water SPM load is noted by the final measured concentration of 115 mg/L. B a s e d

on the drop in  the  water  depth  in  the  wave tank used to  feed the  hor izonta l

t u b e ,  a total of 430 L was calculated to have been fi l tered through the slush

i c e . As the water level in the wave tank dropped, the wave paddle did not

i n t e r a c t with as much water, ‘and as a result, the  overa l l  turbulence leve l  in

t h e  t a n k  a l s o  d e c l i n e d . This presumably was the cause of the lower level of

SPM measured in the final feed water.

2 7 4



Table 8-8

Results of Gravimetric  Analyses of SPM Loads in Slush Ice, Feed Water, and Drain Water Sampks
Collected During the Horizontal Filtration Experiments

SPM LOADS (mg/L)

Mid Find f=mld
Jssidsl

Fd
Inirid Fihrale “C2~&I;  ~JJr

Fed Wtrrm Slush Iw: F&&m
“Dirty” fmwer Filrme

water Slush kc: Walcc
Mass Mean Mean Memr M“&s Mean Mean

Exp. No. Date canmmln fndiv S& Jndiv S+D Indiv  S+D lndw S+D fsrdiv S+D Isrdlv S+D hrdiv S+D

46 2&Aug-86 Rigid trshc/lruriz.mrd fifu-arim; 756 746 0 0 567 587 659 652 799 791 3,721 3,744 363 423
Toraf  warm  vd fihsmd = 293 L in I hq 737 607 646 787 3,758 483
Unrikd J&olof ssdimaw 787 : 3,752 1;
Head ptcsrurw  = 189 an;
k dmsity.  60%

48 20.A@f6 Rigid SUbwlsurimntd  fikatias; 403 410 241 259 NA NA 256 268 1,080 1.144 5,n5 5515 117 115
Turd watr,rvof  fskcrf.  430 Lin 14 hc 411 268 281 1.207 5,255 112
Unoikd Jakolof ssdimesrc
H-d pressure =78 IU 67 am
Ice dmsiry  = 61 %

49 21-Au@6 Fletible Iubdhurirmd  filrnricq 440 448 107 112 2s5 28s 303 301 378 36S 1391 1,406 249 246
Turd wmrervdfWmd=34Lin  I hc 452 + 113 + 287 + 298 + 3al 1,411 246 +
Unoikd Jakolof scdiro~ 452 6 117 4 284 1 301 2 346 1: 1,416 1; 242 3
Had psxure  = 152 cm
ks drzssiry  = 61%

NA = not svailsble
‘ smrdasd deviatiars  rcpuned  only  for rriplicmc  drkmrimtims



Figure 8-29. Resultant Sediment Distribution from Horizontal Tube Filtration Experiment No. 48

Note the uneven distribution of the sedimentary material in the bottom portion of the tube due to
the loosely packed nature of slush lce in the tube which allowed settling by gravity.
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T h e  ice  dens i ty  w i th in  the  tube a t  the  end o f  the  exper iment  (based on

t h e u l t i m a t e volume of  water  y ie lded on mel t ing)  was 61%. Th is  dens i ty  was

v e r y s imi la r  to  tha t  observed in  Exper iment  46 . From these numbers it  appears

t h a t s i g n i f i c a n t m e l t i n g  o f t h e  s l u s h  i c e  i n  t h e  h o r i z o n t a l  t u b e  d u r i n g  t h e

execut ion  o f  the  14-hr  exper iment  d id  not  occur .

T o  d e t e r m i n e  i f  t h e r i g i d  t u b e  u t i l i z e d  i n  t h e  p r e v i o u s  f i l t r a t i o n

exper iments a f f e c t e d  the o v e r a l l r e s u l t s , the experiment was modif ied and a

f l e x i b l e  t u b e  w a s  u t i l i z e d  i n s t e a d . T h e  f l e x i b l e  t u b e  i n  t h i s  e x p e r i m e n t

c o n s i s t e d  o f  a n 10 cm long x 8 cm I.D. r i g i d  p l a s t i c  t u b e  o n  t h e  i n f l o w  a n d

e x i t ends and a  midd le  sec t ion  tha t  was a  heavy  p las t ic  cy l inder  9 .9  cm I .D.

and 55 cm long. I n  t h e  e x e c u t i o n  o f  t h e s e  e x p e r i m e n t s ,  t h e  f l e x i b l e  p l a s t i c

c y l i n d e r was f i l led  w i th  s lush ice  f rom the racet rack  f lume and then suspended

in the wave tank us ing s t r ings  so  tha t  i t  was f ree  to  work  back  and for th  in

the waves in  the  tank .

D u r i n g  t h e e x e c u t i o n  o f  t h i s  e x p e r i m e n t ,  it  was noted that  the  s lush

i c e  d e n s i t y  i n  t h e  f l e x i b l e  t u b e  w a s  e s s e n t i a l l y  t h e  s a m e  a s  t h a t  i n  t h e  r i g i d

tube exper iments , and as  a  resu l t  the  tube was not  f ree  to  work  to  as  signifi-

c a n t an ex tent  as  des i red in  the  pass ing wave t ra in  in  the  tank . A s  a  r e s u l t ,

an upper a n d  l o w e r  d i f f e r e n t i a t i o n  o f c lean and d i r ty  s lush ice  was aga in

observed with f inal SPM concentrat ions of 368 mg/L for the upper and 1406 mg/L

f o r t h e  s i g n i f i c a n t l y  d i r t i e r  l o w e r  l a y e r s ,  r e s p e c t i v e l y . As before there was

suf f ic ien t  ev idence o f  c lean ing in  the  water  wh ich  passed through the  s lush ice

f i e l d ,  w i t h  a f i n a l  f e e d  S P M  l o a d  o f  3 0 1  m g / L  c o n t r a s t e d  t o  a  f i n a l  f i l t r a t e

SPM load of 246 mg/L.

I n  a d d i t i o n to the p r o b l e m s  o f  a r t i f i c i a l l y  f o r c i n g  w a t e r  t h r o u g h  t h e

s l u s h ice  and the unnatura l “ u p p e r ”  v s  “ l o w e r ” d i f f e r e n t i a t i o n  i n  t h e  h o r i z o n -

t a l tube exper iments , a n  a d d i t i o n a l  s h o r t c o m i n g  o f  t h e  i c e - f i l t r a t i o n  a p p r o a c h

was t h a t  a l t h o u g h t o t a l  v o l u m e s  o f  f i l t e r e d  SPM-laden  w a t e r  c o u l d  e a s i l y  b e

determined, t h e t o t a l  v o l u m e  o f  i n t e r s t i t i a l  w a t e r  a n d  s l u s h  i c e  w i t h i n  e a c h

core  cou ld  not  be  measured accura te ly . Thus , t h e  S P M  l o a d s  in  d i f fe rent  cross-

s e c t i o n s  o f t h e ice  cores  cou ld  be determined,  but  the  vo lume represented by
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each c r o s s - s e c t i o n a l a r e a  ( i n t e r s t i t i a l  v o l u m e  v e r s u s  s l u s h  i c e  v o l u m e )  c o u l d

not  be determined accura te ly  because the water  was dra ined f rom the tube f i rs t .

A d d i t i o n a l c o m p l i c a t i o n s on vo lume measurements  in  the  f i l t ra t ion  exper iments

w e r e  d u e  t o  the  increase in  s lush ice  vo lume noted a t  the  base o f  the  ver t ica l

column exper iments i n  e v e r y  i n s t a n c e . T h e  s lush ice  depth  (cent imeters)  da ta

i n  T a b l e  8 - 7  d e n o t e  t h e  h e i g h t  o f  s l u s h  i c e  i n i t i a l l y  p r e s e n t  i n  t h e  v e r t i c a l

column exper iment and the f ina l  he ight  o f  slush  i c e  a f t e r  t h e  e x p e r i m e n t  w a s

comple ted . A s  i l l u s t r a t e d  b y  t h e  d a t a , the  abso lu te  amount  o f  s lush ice

i n c r e a s e d  i n each i n s t a n c e , presumably  due t o  t h e  f o r m a t i o n  o f  a d d i t i o n a l

frazil  a f t e r  p a s s a g e  o f  t h e  f e e d  w a t e r , wh ich was a t  o r  near  f reez ing,  th rough

t h e  v e r t i c a l  c o l u m n  s l u s h - i c e  a r r a y .

T h e r e f o r e ,  i t  w a s imposs ib le f r o m  t h e s e e x p e r i m e n t s  to  obtain an

overa l l  mass ba lance or  mass c losure  o f  to ta l  percent  sed iment  en t ra ined dur ing

each exper iment . Thus, other than showing that SPM was readi ly removed from

seawater p e r c o l a t i n g  t h r o u g h  a  s l u s h  i c e  f i e l d , these exper iments  were  sub jec t

to a number  o f  compl ica t ions , and they were not  be l ieved to  be representa t ive

o f what m i g h t  b e  e x p e c t e d  t o o c c u r  u n d e r  n a t u r a l  c o n d i t i o n s . T h a t  i s ,  i n

n a t u r e  it  i s very  un l ike ly  tha t  5 -10 ga l  vo lumes o f  SPM-laden  w a t e r  w o u l d  b e

f i l t e r e d  t h r o u g h  s l u s h  i c e  p a n s  d u e  t o  w a v e  s p l a s h i n g  e v e n t s  u n d e r  a n y

c o n c e i v a b l e s c e n a r i o . A lso ,  i t  was  r e a s o n e d  t h a t  h o r i z o n t a l  f i l t r a t i o n  w a s  a

h i g h l y  u n l i k e l y  m e c h a n i s m  b e c a u s e  s l u s h  i c e  f ie lds  genera l ly  tend to  m o v e  w i t h

the cur rents  ra ther  than be he ld  in  p lace and have SPM-laden  w a t e r  p a s s  t h r o u g h

them. T h e r e f o r e , a d d i t i o n a l e x p e r i m e n t a t i o n w i t h  v e r t i c a l  a n d  h o r i z o n t a l

f i l t r a t i o n  s y s t e m s  w a s  d i s c o n t i n u e d , and the equipment was modif ied for the

s t u d y  o f e n t r a i n m e n t o f  S P M  b y  frazil  p l a t e l e t s  r i s i n g  t h r o u g h  a n  S P M - r i c h

water  co lumn as  descr ibed be low in  Sect ion  8 .5 .4 .

8 < 5 . 4 Scavenging of  Suspended Par t icu la te  Mater ia l  by  R is ing Frazil  I c e
P l a t e l e t s

8 . 5 . 4 . 1  I n t r o d u c t i o n

D u r i n g t h e  r a c e t r a c k  f l u m e  e x p e r i m e n t s , e l e v a t e d  S P M  loads  w e r e

observed i n  t h e  f r e s h l y  f o r m e d  ( a n d  q u i t e  p o s s i b l y  “ s t i c k y ” )  frazil  i c e  d u r i n g
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t h e temperature t r a n s i t i o n  f r o m  T m  to  Te ( s e e  S e c t i o n  8 . 3 . 4 ) . Also , the open

c y l i n d e r exper iment  demonst ra ted tha t  e levated leve ls  o f  5PM cou ld  be t rapped

in  a  s lush ice  canopy a f te r  i t  was v igorous ly  mixed in to  a  sed iment - laden water

column and a l l o w e d  t o surface en masse and freeze in the absence turbulence

( s e e  S e c t i o n  8 . 5 . 1 ) .  T h e r e f o r e , another series of experiments was designed and

u n d e r t a k e n  t o a l l o w s i m u l a t i o n  o f l o o s e l y  p a c k e d frazil  p l a t e l e t s  r i s i n g

through an ex tended water  co lumn conta in ing  var ious  leve ls  o f  SPM.

8 . 5 . 4 . 2  M e t h o d s

T h e s e  e x p e r i m e n t s  u l t i m a t e l y led  to  the  v e r t i c a l  c o l u m n / d r y  i c e  e x -

per iments  cons idered in  Sect ion  8 .5 .5 ;  however , a s  a n  i n i t i a l  s e r i e s  o f  s c o p i n g

exper iments , a 91-cm x 7 . 6 - c m  c o l u m n  was f i l led  w i th  water  a t  the  f reez ing

po in t  (-1.7”C)  w h i c h  c o n t a i n e d  a  k n o w n  a n d  m e a s u r e d  c o n c e n t r a t i o n  o f  S P M .  A

l im i ted  amount  o f  c lean frazil  i ce  f rom the racet rack  f lume was then in t roduced

i n t o t h e column to a depth of 10 cm, and the column was subjected to a series

o f e n d - f o r - e n d i n v e r s i o n s . A f t e r  e a c h  i n v e r s i o n , the column was held in a

s t a t i o n a r y  v e r t i c a l  p o s i t i o n  i n  s u c h  a  w a y  t h a t  t h e  frazil  i c e  p l a t e l e t s ,  w h i c h

rose due to the i r  na tura l  buoyancy,  were  exposed to  SPM dur ing  the i r  ascent .

I n  t h i s  m a n n e r , it was hoped that the frazil  would trap or remove S P M  f r o m  t h e

w a t e r column b y  e i t h e r a  p h y s i c a l  f i l t r a t i o n  o r  a  s t i c k i n g  p r o c e s s .

Furthermore , by  r e p e a t i n g  t h e e n d - f o r - e n d  i n v e r s i o n  a number  o f  t imes,  a

g r e a t e r “ d i s t a n c e  t r a v e l e d ”  b y  t h e  r i s i n g  p l a t e l e t s  c o u l d  b e  s i m u l a t e d .

U s i n g  t h i s p r o c e d u r e ,  a ser ies  o f  exper iments  us ing both  o i led  and

u n o i l e d Jakolof  SPM were completed. In each case, aliquots  o f  feed water  were

removed for  5PM determinat ions  before  any  s lush ice  was added to  the  co lumn,

and t h e n , a f t e r the frazil/slush  ice  was in t roduced,  the  tube was inver ted a

t o t a l o f  2 3  t i m e s  t o  s i m u l a t e  frazil  r i s i n g  t h r o u g h  a  2 0 - m  w a t e r  c o l u m n .  A t

t h e conc lus ion  o f  each exper iment , the  sys tem was a l lowed to  stand  in place in

t h e c o l d  r o o m u n t i l a l l  the  frazil/slush  i c e  c o n g e a l e d  at  t h e  s u r f a c e .  T h e

w a t e r was t h e n  d r a i n e d  f r o m  t h e  t u b e , and both  the s lush ice  and dra in  water

were analyzed for SPM loads.
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8 . 5 . 4 . 3  R e s u l t s

D a t a  f r o m  t h i s  s e t  o f  e x p e r i m e n t s  a r e  p r e s e n t e d  i n  T a b l e  8 - 9 . In  a l l

f i v e experiments , a c t i v e  f i l t r a t i o n  o f S P M  b y  t h e  r i s i n g  frazil/slush  i c e

p l a t e l e t s  c o u l d  b e  o b s e r v e d , and i n  g e n e r a l , the  SPM load in  the  resu l tan t

s lush ice  was h igher  than the  load in  water  dra ined f rom the tube fo l lowing the

i n v e r s i o n exper iment . I n d i v i d u a l  frazil  ice crys~als  i n  t h e  w a t e r  c o l u m n  w e r e

composed of a regular discs from 1 mm to 1 cm in  d i a m e t e r . In some instances,

many of  these d iscs  (10 to  75)  were observed to  adhere together  in f loes up to

3 - 4  c m  i n  d i a m e t e r . These f loes  ranged in  shape f rom near ly  spher ica l  to

p l a t e l i k e  w i t h  r e g u l a r  a p p e n d a g e s  o f  frazil  c r y s t a l  g r o u p s . The shape of these

f l a t  f l o e s  w a s  v e r y s imi la r  to  tha t  descr ibed by  Tsang and O-Hanley  ( 1 9 8 4 ) ;

however, those authors  appeared to  be l ieve that  these f loes  were composed o f  an

T’abIe 8-9

ResuMsofGravhnetrk  Ana@$esofSPh4 Loadsin  FeedVVakx, S!usblce,
Interstitbd  Water, and Final Drain TVater $hnpks  Collected

During  thehtver8ion  ‘IihAnversiomExp erhent8

slush Iee SPMLOAf.M(mg/L)

E%). T(m/m:)’ Feed SIush Jrw&al D r a i n
Date SPM ~ Water Ice Warer Commerus

17 19-Feb-86 Unoiled Jafcolof wdiment 25/12 495 30U NA 464 Wswetarrk3SPM; 23irrveraiorr$pm-
filmrsanrplesr hrough l-mmsievc
befomgravimetsic weightmeasure-
murts

2 2  21-Feb-86  Unoiledhlcolofsedirneru29/18 188 161 34 69 Wweti3SPM;  23irrvcrsions/19
min;Noprcfiiwation  ofsampks

3 2  27-Feb86 UnoiledJakolofSedimcat22/16 NA 316 101 153 Wavetarsk4SPM: 23inversiesr@0
rrrin; Nop~tkration  ofsamples

2 0  2@Feb86  OikdJakolofsedimenl 32!36 128 64(a) 37 88 Wavetank3SPM; 23 inversicmxpre-
98(b) fillersarrrples  through l-mm seive;  ke
86(C) deph: (a)O-ll  an;(b)ll-22c?n;

(c)22-34crn

30 27-Feb86 Oiled Jakolof scdimmt 21/10 NA 136 NA 100 Wavemrtlr4SPM;  23invenicma/19
min;NopreFdwatiom  ofwtmples

NA=notavailable
‘(ifm)denotesirritiaf  arrdftislrashieedepth  inrfrecohmrrr
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i n d i v i d u a l  c r y s t a l . Dur ing  each invers ion , s i g n i f i c a n t  a m o u n t s  o f  f i n e - g r a i n e d

o r g a n i c  d e b r i s and sed imentary  mater ia l  cou ld  be observed fa l l ing  th rough the

w a t e r  c o l u m n . As the ice worked i ts way up to the surface, SPM was obsenred  to

b e  r e e n t r a i n e d  a n d r e a d i l y  t r a n s p o r t e d  t o  t h e  s u r f a c e  w h e r e  t h e  i c e  c r y s t a l s

were then congealed and compressed.

W h e n  t h e  t h i c k e r  i c e  f l o e s descr ibed above were observed to  r ise

t h r o u g h t h e  w a t e r column, s i g n i f i c a n t  q u a n t i t i e s  o f  s e d i m e n t  c o u l d  b e  s e e n

t r a p p e d  i n t h e  i n t e r s t i c e s  b e t w e e n  i n d i v i d u a l  p l a t e l e t s  a n d  o n  t h e  u p p e r  f a c e

o f those frazil  i c e  c r y s t a l  p l u g s . In  th is  manner , t h e  f i l t r a t i o n  h y p o t h e s i s

o f  Osterkamp and Gos ink  was par t ia l l y  conf i rmed, in  tha t  the  water  had to  pass

t h r o u g h  t h e s e r a t h e r loose ske le ta l  p lugs  o f  frazil  m a s s  d u r i n g  t h e i r  a s c e n t

t h r o u g h t h e  w a t e r column. T h e  d e t a i l s  o f  t h e s e  p r o c e s s e s  w e r e  s i g n i f i c a n t l y

d i f fe rent ,  however ,  f rom those or ig ina l ly  p roposed by  Osterkamp and Gos ink  when

d e s c r i b i n g  t h e i r  f i l t r a t i o n  h y p o t h e s i s .

In  a d d i t i o n  to  the p h y s i c a l  l i f t i n g  o f  t h e  s e d i m e n t  l o a d  i n  t h e  w a t e r

column, c o n v e c t i o n c u r r e n t s were a l s o s e t up wi th in  the  c lear  tube as  the

frazil  a n d  s l u s h  i c e  c r y s t a l s  r o s e . Smal l  edd ies  o f  sed iment - laden water  were

observed s w i r l i n g  i n  t h e  u n d e r s i d e  o f  t h e  frazil  a n d  s l u s h  i c e  c r y s t a l s  d u r i n g

t h i s r i s i n g  p e r i o d . When add i t iona l  i ce  migra ted to  the  sur face,  th is  SPM too

was reent ra ined as  ice  c rys ta ls  f rom be low contac ted i t .

As noted by the data in the Tab le  8-9 ,  the  ice  a t  the  top  o f  the

column f o l l o w i n g  t h e s e  i n v e r s i o n s w a s  s i g n i f i c a n t l y  d i r t i e r  t h a n  t h e  “ d r a i n

w a t e r ”  i n the water  co lumn beneath  i t ;  however , a f t e r  a n  a d d i t i o n a l  p e r i o d  o f

s t a n d i n g , the sample  prec ip i ta ted  very  smal l  bu t  observab le  SPM par t i c les  f rom

the bot tom o f  the  loose ske le ta l  i ce  mat r ix  a t  the  top  o f  the  co lumn. This was

p a r t i c u l a r l y  t r u e  i f  t h e  c o l u m n  w a s  d i s t u r b e d  b e f o r e  t h e  slush  i c e  h a d

congealed s u f f i c i e n t l y  a n d  w a s ,  i n  f a c t , somewhat of a problem when several of

t h e columns were dra ined. S imi la r  SPM ra inout  has  been observed in  the  f ie ld

b y  d i v e r s who have repor ted  a  constant  ra in  o f  SPM mater ia l  f rom the loose

s k e l e t a l  l a y e r  b e n e a t h  a n ice  canopy when i t  i s  d is turbed by  a  d iver ’s  hand

(Reimnitz and Dunton, 1979) . As  noted in  Sect ions  8 ,3  and 8 .4 ,  much o f  th is
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SPM load in the upper ice  c a n o p y  w o u l d  also continue to be lost i f  the ice

canopy were worked or pumped by passing wave act ion. However, if t h e  f r e e z e u p

c o n d i t i o n s were such t h a t  a d d i t i o n a l  a g i t a t i o n  o f  t h e  s u r f a c e  s l u s h  i c e  w e r e

d i s c o n t i n u e d , t h e n much o f  th is  sed iment  mater ia l  wou ld  be f rozen in  p lace in

t h e  i n t e r s t i c e s  b e t w e e n  t h e  i n d i v i d u a l  s l u s h  i c e  c r y s t a l s .

T h e s e  d a t a  s u g g e s t e d t h a t  t h e  s i m p l e  r i s e  o f  l o o s e  frazil  p l a t e l e t s

through the  water  co lumn was su f f i c ien t  to  scavenge SPM,  overcome the  negat ive

buoyancy of  the  SPM par t i c les , and result  in an elevated S P M  l o a d  in the u p p e r

i c e canopy. As w i th  the  racet rack  f lume s t u d i e s  a n d  t h e  v e r t i c a l  a n d  h o r i z o n -

t a l  f i l t r a t i o n  e x p e r i m e n t s , prev ious  o i l ing  of  the  SPM mater ia l  d id  no t  appear

t o s i g n i f i c a n t l y  a f f e c t i t s  i n t e r a c t i o n  w i t h  t h e  r i s i n g  frazil  i c e  c r y s t a l s ;

however, t h e  l i m i t e d  n u m b e r  o f  d a t a  p o i n t s  a n d  d i f f i c u l t i e s  e n c o u n t e r e d  i n

conduct ing  the  exper iments , p r e c l u d e  a  s t a t i s t i c a l  a n a l y s i s  o f  t h e  d a t a .

I t  was bel ieved that the lack of any more enhanced removal of SPM load

f rom the water  co lumn was due to  the  fac t  tha t  the  frazil  p la te le ts  were  not  in

an a c t i v e  o r “ s t i c k y ” s tage of  g rowth , b e c a u s e  it  was  imposs ib le  to  ma in ta in

t h e  w a t e r  i n t h e i n v e r s i o n c o l u m n  i n  a  s u p e r c o o l e d  s t a t e . T h e r e f o r e ,  t h e

p r o c e d u r e  w a s  m o d i f i e d  t o  a l l o w  frazil  i ce  c rys ta ls  to  be  fo rmed in  s i tu  a t  the

base of the exper imenta l  co lumn and then r ise  th rough the SPM-laden  water by

t h e i r own buoyancy as they  grew in  the  supercoo led f lu id . These experiments

a r e  d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n .

8 . 5 . 5 Ver t i ca l  Co lumn Stud ies  to  Examine the  Remova l  and F i l t ra t ion  o f
SPM by Act ively Growing a n d  “ S t i c k y ”  Frazil  I ce  During  I t s  i n  s i t u
Formation and Rise to the Surface in Supercooled Seawater

8 . 5 . 5 . 1  I n t r o d u c t i o n

The max imum depth  o f  penet ra t ion  by  frazil  crystals has not been theo-

r e t i c a l l y  d e t e r m i n e d ,  b u t  D a y t o n  e t  a l .  , 1 9 6 9  o b s e r v e d  frazil  ice to a depth of

33 m under the  Antarc t ic  i ce  sheet  and Re imni tz  (persona l  communica t ion)  has

suggested that  frazil  i c e  p l a t e l e t s  c a n  b e  f o r m e d  i n  t u r b u l e n t  a n d  s u p e r c o o l e d

w a t e r s t o  d e p t h s o f  2 0 - 3 0  m  d u r i n g  s e v e r e  s t o r m s  a t  t h e  b e g i n n i n g  o f  f a l l
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f r e e z e u p . A s  t h e  t u r b u l e n c e  s u b s i d e s  f o l l o w i n g  a  s t o r m ,  t h e  frazil  p l a t e l e t s

i n c r e a s e  i n s i z e and r ise  through the water  co lumn to  fo rm s lush ice  a t  the

surface . I f  the  s torm event  occurs  in  coasta l  o r  sha l low waters ,  the  SPM loads

i n t h e supercoo led w a t e r column can be in  excess o f  severa l  hundred ~g/L.

T h e n ,  a s t h e  frazil  p l a t e l e t s  r i s e , t h e y  s e r v e  a s  a c t i v e  ( s t i c k y )  o r  p a s s i v e

f i l t e r s , removing much of the SPM from the water column and concentrat ing i t  in

t h e upper c o n g e l a t i o n i c e . Depending on subsequent  f reez ing events ,  the

c o n g e l a t i o n i c e can e i ther  undergo se l f -c lean ing due to  w ind/wave ac t ion  (as

d e s c r i b e d  i n S e c t i o n  8 . 4 )  o r f r e e z e  i n  p l a c e  a s  t h e  w e a t h e r  l i e s  d o w n  t o

p e r m a n e n t l y  e n c a p s u l a t e t h e  S P M  i n  t h e  s u r f a c e  i c e  c a n o p y  ( a s  d e s c r i b e d  i n

S e c t i o n  8 . 5 . 1 ) . As  the  tu rbu lence subs ides, a d d i t i o n a l  g r o w t h  o f  c o l u m n a r  i c e

b e n e a t h  t h e  c o a g u l a t i o n  i c e  c a n  o c c u r ,  a n d  u n d e r  t h e s e  conditio~s,  a  s ign i f i -

c a n t  d i s c o n t i n u i t y in the SPM load would be expected (as has been observed in

t h e  f i e l d ) .

8 . 5 . 5 . 2  E x p e r i m e n t a l  M e t h o d s  a n d  I n i t i a l  O b s e r v a t i o n s

T h e  f o l l o w i n g s e c t i o n s  d e s c r i b e a n  e x t e n s i v e  s e r i e s  o f  e x p e r i m e n t s

comple ted  to  examine the  remova l  and f i l t ra t ion  o f  SPM by  actively growing (and

p o s s i b l y  s t i c k y ) frazil  i c e c r y s t a l s  d u r i n g  t h e i r  r i s e  t o  t h e  s u r f a c e  i n

supercoo led seawater . These exper iments were performed in a 182-cm  x 8-cm

( i n s i d e  d i a m e t e r ) p l a s t i c  t u b e , w h i c h  w a s  f i l l e d  w i t h  w e l l - m i x e d  SPM-laden

seawater and secured v e r t i c a l l y  i n  t h e  coldroom  a t  K a s i t s n a  B a y . A magnetic

s t i r  b a r  w a s  p l a c e d  i n  t h e  t u b e , and the base of the tube was then p laced in  a

m e t h a n o l  f o o t  b a t h  o n top o f  a  magnet ic  s t i r  motor  as  shown in  F igure  8-30.

T h e  t e m p e r a t u r e  o f t h e  w a t e r  i n  t h e  t u b e  w a s  c l o s e l y  m o n i t o r e d ,  a n d  s t i r r i n g

was i n t r o d u c e d  v i a  t h e  m a g n e t i c  s t i r r e r  t o  a l l o w  s u p e r c o o l i n g  o f  t h e  s e a w a t e r

b e f o r e  the i c e - f o r m a t i o n event . T h e n ,  j u s t  b e f o r e  t h e  i n i t i a t i o n  o f  i c e

f o r m a t i o n , a d d i t i o n a l  v e r t i c a l  m i x i n g  o f the  water  co lumn was impar ted  by

r a i s i n g a n d  l o w e r i n g  a l e a d - w e i g h t e d  p l u m b mixer  repeated ly  in  the  co lumn

( F i g u r e  8 - 3 1 ) . F o l l o w i n g t h i s  f i n a l  m i x i n g  e v e n t , dry ice was added to the

m e t h a n o l  f o o t  b a t h  t o c a t a l y z e i n  s i t u  frazil  i c e  c r y s t a l  f o r m a t i o n  i n  t h e

b o t t o m  o f  t h e  t u b e . T h e s e  frazil  p l a t e l e t s  t h e n  g r a d u a l l y  r o s e  t o  t h e  s u r f a c e

as they grew.
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Figure 8-30. Photograph of the 182 cm Taii Verticai  Coiumn  for the in Situ Frazii  Ice Formation/
Rising Experiments

~1.Ket at the base of the column contains the C@ icdmeti~ol  n~~  to initiate ~il  ice
.
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Figure 8-31. Utilization of a Lead-Weight Piumb  Mixer to Ensure a Homogeneous Sediment
Distribution at the initiation of a Rising Frazii  Piateiet  Experiment
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The tube w a s  g r a d u a t e d  in 10 cm m a r k s  s o

frazil i c e  p l a t e l e t s ( a n d  r i s i n g  a n d  s e t t l i n g

measured dur ing  the course of an e x p e r i m e n t .

t h a t  t h e  r i s i n g  v e l o c i t y  o f

veloci t ies of S P M )  c o u l d  b e

Wi th  the  add i t ion  o f  the  dry  ice  t o  t h e  m e t h a n o l  b a t h ,  m i n u t e  ( 0 . 5  t o

3 mm) frazil  p l a t e l e t s  f o r m e d  s p o n t a n e o u s l y  a t  t h e  b a s e  o f  t h e  t u b e . These

were sub jec t  to  the  magnet ic  s t i r r ing  ac t ion  up to  a  he ight  o f  approx imate ly  50

cm f rom the  base. These smal le r ,  0 .5 -  to  3 -mm frazil  p la te le ts  appeared to  be

n e u t r a l l y  b u o y a n t in  the  water  co lumn because they  d id  not  read i ly  r i se  unt i l

t h e y  h a d  g r o w n in  s ize  to  a t  leas t  7  to  10  mm. Rapid  growth  o f  these frazil

i c e c r y s t a l s t h e n  g e n e r a t e d f l a t  p l a t e l e t s  w i t h  a  c r y s t a l  d i a m e t e r  o f

a p p r o x i m a t e l y 1-2  cm within 2 min. These agg lomerated in to  la rger  f loes  as

they rose through the water  co lumn. W h e n  t h e s e  frazil  p la te le ts  and f loes  were

50-60 cm from the base of the column, they were no longer  sub jec t  to  the

c i r c u l a r w a t e r t u r b u l e n c e f r o m  t h e  m a g n e t i c  s t i r r e r .  A t  t h a t  p o i n t ,  t h e y

s t a r t e d  t o r i s e i n  a  r a n d o m  f l o a t i n g  m a n n e r  u n t i l  t h e y  i n t e r s e c t e d  w i t h  ( a n d

were compressed in )  the  upper  sur face s lush ice  zone.

O n  s e v e r a l  o c c a s i o n s ,  a s  2 -  t o  4 - c m  i c e  c r y s t a l s  g r e w ,  a  h e r r i n g b o n e

p a t t e r n  w a s  o b s e r v e d  o n  t h e  c r y s t a l  s u r f a c e . When these c rys ta ls  impacted

s e d i m e n t  g r a i n s  d u r i n g  t h e i r  r i s e , t h e m a t e r i a l a p p e a r e d  t o  s t i c k  t o  t h e

h e r r i n g b o n e  p a t t e r n  o n  t h e i c e  c r y s t a l  s u r f a c e . S p e c i f i c a l l y ,  w h e n  t h e  i c e

c r y s t a l s r o t a t e d  90” f r o m  a  h o r i z o n t a l t o  v e r t i c a l  p o s i t i o n ,  t h e  s e d i m e n t

g r a i n s  w e r e  n o t r e l e a s e d  f r o m  t h e  i c e  c r y s t a l , a n d  i n  c e r t a i n  i n s t a n c e s  t h e y

were t r a n s p o r t e d  t o t h e  s u r f a c e  e v e n  a f t e r  t h e  i c e  c r y s t a l s  h a d  t u r n e d  o v e r ,

and t h e sediment g r a i n s h a d  a d h e r e d  t o t h e  b o t t o m  s i d e  o f  t h e  r i s i n g  i c e

p l a t e l e t s . T h i s  a t t a c h m e n t  w a s  v e r y  f r a g i l e , because when such ice crystals

impacted t h e  u p p e r S lush ice sur face (and were compressed due to a d d i t i o n a l

frazil  i c e a c c u m u l a t i o n  f r o m  b e l o w ) , t h e  g r a i n s  w e r e  p a r t i a l l y  r e l e a s e d  f r o m

t h e o r i g i n a l  p l a t e l e t . In s u c h  i n s t a n c e s , the  sed iment  g ra ins  were  qu ick ly

t r a p p e d i n  t h e  i n t e r s t i c e s  o f  r i s i n g  f l o e s  f r o m  b e l o w ,  a n d  i n  t h a t  m a n n e r  t h e y

r a p i d l y  a c c u m u l a t e d  i n  t h e  frazil  and s lush ice  layer  a t  the  sur face.
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I n  a d d i t i o n  t o t h e  h e r r i n g b o n e pat tern  wh ich  w a s  o c c a s i o n a l l y  o b -

served, o t h e r 1 -  t o  2 - c m  c r y s t a l s  i n t e r a c t e d  w i t h  s i m i l a r  s i z e d  p l a t e l e t s  t o

fo rm random a n d  f l a t “ s n o w f l a k e ” p a t t e r n s  w i t h  3- t o  4 - c m  c r o s s - s e c t i o n a l

areas. O c c a s i o n a l l y  i r r e g u l a r  a p p e n d a g e s  o f  a d d i t i o n a l  i c e  c r y s t a l s  p r o t r u d e d

a t s t e e p  a n g l e s  f r o m  t h e  o r i g i n a l  h o r i z o n t a l  r i s i n g  s n o w f l a k e  c r y s t a l  p a t t e r n .

These were e x t r e m e l y  f r a g i l e  a l s o ;  h o w e v e r , i t  was poss ib le  to  observe the

ent rapment  o f  SPM gra ins  a t  the  in te rs t ices  o f  these c rys ta l  mat r ices .

A s  l a r g e r  f l o e s o f  frazil  p l a t e l e t s  r o s e , s m a l l  t r a i l s  o f  s u s p e n d e d

p a r t i c u l a t e mater ia l  were  observed in  the i r  wakes. In  s e v e r a l  e x p e r i m e n t s ,  i t

w a s  p o s s i b l e t o  t r a c k  i n d i v i d u a l  i c e  c r y s t a l s  o r  f l o e s  o v e r  t h e  e n t i r e  1 2 0 - c m

r ise  th rough the water  co lumn. By t im ing  these assents , r i s e  v e l o c i t i e s  o f  2 . 1

to 3,0 cm/sec  w e r e  c a l c u l a t e d .

In g e n e r a l , e a c h  e x p e r i m e n t  c o n t i n u e d  u n t i l  a  t o t a l  s l u s h  i c e  d e p t h  o f

35 to  55 cm had accumula ted a t  the  sur face. A t  t h a t  p o i n t , the experiment was

t e r m i n a t e d . The ver t i ca l  co lumn was removed f rom the  dry  ice /methano l  foo t

b a t h  a n d  c a r e f u l l y t a k e n  f r o m  t h e  c o l d  r o o m . Throughout  th is  process,  the

column w a s  k e p t  i n  a  v e r t i c a l  p o s i t i o n , and every attempt was made to minimize

d i s t u r b a n c e t o  t h e  i c e  c r y s t a l  m a t r i x . The upper ice surface was then scooped

f r o m  t h e  v e r t i c a l  c o l u m n  i n t o  a  p r e c h i l l e d  b e a k e r  ( t o  m i n i m i z e  i n i t i a l  t h a w i n g )

with  a  s p e c i a l l y  a d a p t e d  s t a i n l e s s - s t e e l  l a d l e , taking care to minimize any SPM

loss . I n  s o m e of  the  exper iments , t h e  i n t e r s t i t i a l  w a t e r  w h i c h  w a s  r e m o v e d

with t h e s u r f a c e S lush i c e was then care fu l ly  decanted f rom the prech i l led

beaker c o n t a i n i n g the harvested s lush ice  to  allow  s e p a r a t e  v o l u m e  e s t i m a t e s

and SPM load determinat ions  fo r  bo th  the  sur face s lush ice  f ie ld  and assoc ia ted

i n t e r s t i t i a l  w a t e r , The water  co lumn beneath  the  sur face frazil  ice layer was

then we l l  m ixed to  ensure  comple te  homogene i ty , and add i t iona l  subsamples  w e r e

removed for gravimetric  S P M  d e t e r m i n a t i o n s . I n  s e v e r a l  e x p e r i m e n t s ,  aliquots

o f  t h e  i n i t i a l  ( p r e f r e e z e )  w a t e r  c o l u m n , t h e  f i n a l  s l u s h  i c e  s u r f a c e  l a y e r ,  a n d

t h e  p o s t f r e e z e water  co lumn were  a lso  examined fo r  sa l in i ty . When previously

o i led  SPM was used in  the  exper iment , subsamples  were  a lso  co l lec ted f rom the
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p r e f r e e z e  w a t e r  c o l u m n ,

f o r  p e t r o l e u m  h y d r o c a r b o n

4 . 2 . 7 .

t h e  s l u s h  i c e  l a y e r ,

d e t e r m i n a t i o n s  u s i n g

and the post f reeze water  co lumn

procedures  descr ibed in  Sect ion

A la rge number  o f  in i t ia l  scop ing exper iments  were  per fo rmed in  wh ich

s e d i m e n t  or sand par t ic les  w e r e  i n t r o d u c e d  to the top of the c o l u m n  a n d  a l l o w e d

t o  fall  t h r o u g h  t h e  w a t e r  c o l u m n  a s t h e  frazil  ice p l a t e l e t s  r o s e . T h i s

approach proved unsat is fac tory ,  however , because a homogeneous sediment load i n

t h e w a t e r co ltunn c o u l d  n o t be obta ined and because the procedure was very

d i f f i c u l t t o  r e p l i c a t e . T h e r e f o r e ,  a s  n o t e d  a b o v e ,  t h e  s e d i m e n t  l o a d  w a s

u l t i m a t e l y i n t r o d u c e d  b e f o r e  frazil  f o r m a t i o n  a n d  m i x e d  b e f o r e  i n s t a l l a t i o n  o f

t h e  v e r t i c a l  c o l u m n  i n t o  t h e  c o r n e r  o f  the  coldroom.

A  t o t a l  o f  2 0  d i f f e r e n t  e x p e r i m e n t s were performed in which low,

medium, and high SPM loads were in t roduced to the column. “Jakolof  2“ SPM w a s

u s e d  i n a l l  o f  t h e  e x p e r i m e n t s , and i t  was pres ieved <  53 pm s i z e  f r a c t i o n s .

T h e  p r e v i o u s o i l ing  o f  the  SPM was a lso  examined as  a  var iab le  to  see i f  th is

a f f e c t e d  S P M  s c a v e n g i n g  b y  t h e  r i s i n g  frazil  c r y s t a l s . A d d i t i o n a l  e x p e r i m e n t s

also were under taken w i t h samples  o f  smal l  a lgae and p lank ton and,  f ina l l y ,

f r e s h w a t e r .

8 .5 .5 .3  Resu l ts  o f  SPM Load Ana lyses  f rom the  Ver t i ca l  Co lumn/Dry  Ice
Experiments

Exper imenta l

p r e s e n t e d i n  T a b l e s

data  co l lec ted dur ing  t h e  v e r t i c a l  c o l u m n  e x p e r i m e n t s  a r e

8-10,  8-11,  a n d  8 - 1 2 . The data  in  Tab le  8-10 are  fo r  low

( 1 0 - 1 5  mg/L)  c o n c e n t r a t i o n s  o f  S P M , b o t h  w i t h  a n d  withoue  p r e v i o u s  o i l i n g .

Tab le 8-11 presents a similar data set for medium (40 to 90 mg/L)  SPM loads  in

t h e w a t e r column, and Tab le  8-12 presents  data  fo r  h igh  SPM load ing (500 to

8000 mg/L)

f r e s h w a t e r .

Each

and t h e a d d i t i o n a l exper iments conducted w i t h  p l a n k t o n and

exper iment t y p e Qas c o m p l e t e d  i n  r e p l i c a t e , a n d  a d d i t i o n a l

r e p l i c a t e subsamples w i t h i n each exper iment were a n a l y z e d  i n  a n  e f f o r t  t o

p r o v i d e a  s t a t i s t i c a l l y  v a l i d data base on frazil  ice scavenging phenomena.

Thus , f o r  l o w  a n d  m e d i u m  S P M  l o a d  e x p e r i m e n t s ,  a  s e r i e s  o f  a t  l e a s t  t h r e e

exper iments were  per formed wi th  both  uno i led  and o i led  sed iments ,  and fo r  most
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Table 8-10

Results of Gravimetric  Analyses of Water Column, Surface Slush Ice, Interstitial Water, and
Pmitfreem Water Cohmm Samples Cotlected During the Vertical Column Studies

SPM LOADS (mg/L)

hlirial Surface Inlcrwkial P05rfluZc
Wax Column: Slush  1=: Watm Water Column:

Me-an Mean Mean Mean

Exp. No. mm CQmmaus Indiv iD Indiv S-D Indiv .S+D Indiv S+D

58 24Aug-86 Rcpli=rc  Expt. W ; k load of <53 pm unoiled Jakolof SPM 20.8 18.4 18.3 NA NA 10.6
Stiiry @~tia.f  31 .Q Slush ice 25.% Posti=m wmer 325; 17.7 +
Frazif rise sate. 23 arr/s&, F@ slush ice ~  = 50 on 18.7 0.4

59 24-Aus-86 Replicate fZxpL #z Low  10SIJ d <53 ~ undfcd Jakok$  SPht 20.6 18.8 19.5 NA NA 11.5 11.8
Sti@ @)-In~tial 31.& Slush ice 24.2;Parfmcsewmer31.5; 19.3 + 12.1
Fmzd rise mr.c = 3.0 cdseq Final $lush  im &@ = 55 an 20.3 0.6

63 02-S@J6 Replicate ExpL 43; fmv lmd of <53 pm rsncikd  Jakolti  SP~ 11.2 129 19.0 18.3 NA NA
Final slush ice dcprh = 65 an

8.2 10.6
14.9 + 16.3 + 11.5 +
125 1.5 19.7 1.5 121 1.7

45B 18-Aug-86 Rqdicase  EXW #l; b Iosd d <53 pm ailed Jakokrf  SP~ 10.3
Fmrdsfushicz dqnh=50asr

9.5 NA NA 11.6

60A 31-Aug-86 Rqdicare Ex~ #z bW  lad d <53 ~ oiled  Jakobf SP~ 13.6 14.4 14.4 13.8 NA NA 11.0 11.6
Firm! slush  i= dcprfs = 60 q flared forsnarims  of surface ice 15.2 13.7 + 12.2
carmpy  = 6.7 cnrlmin 13.4 0.4

60B 3 l-Aug-86 Rcpticxrc Exf%  #3; LOW  lad of <53 fmr c&I Jakold SPht 123 122 9.3 10.7 NA NA
Fmzil rise mrc = 2.4 CM/scq Find slush ice &@  = 60 ass;

9.1 9.8
121 121 10.5

MC of formxtiar  d xurfacx ia csncpy.  6.0 cmlnrin

60C 31-Au8-86 Replicarc Ex~ #4; Imw Iced d <53 pm oiled Jakold SP~ 11.2 I.g 7.9 NA NA 7.0 8.9
Finrd  slush ice dqxh  = 65 cnx Rate  d formation of surfam  ice 8.1 + 10.8
G!mopy.4.l a’llA’nin 7.7 0.2

~A = nor  w’aihble



Table 8-11

Results of (kavimetnc  Anaiyses ti  SPM Lads  in Initial  Water Cohnmn  Slush Ice, Interstitial Water, and Postfreeze Water
During Vertical Column Studies Starting with Medium SPM Loads

SPM LOADS (mg/L)

Jniiitd Susfam fsltustisid PostfsccZ!
Water Cdmm Slush Ice: Watlx Water Column:

Mcass Mean F&an

Ikp. No. Dase Gnsa’rsesus Jsldiv s; hsdiv S+D Jndiv S+D J.ndiv S;

62A 02-Sep86 Repficsisc  Eaps.  #1; Medium load of < S3 pm unoiled Jskdof  SPM, 59.9 64.6 84.4 87.7 NA NA 37.4 41.1
Final slush ice depth =65 ~ Rate of formation of nsrfarx ice 67.3 + 89.7 + 41.6 +
Caoopy  =&1 cnllsnitl 66.6 3.3 89.0 24 44.3 28

62B 02&p-86 Replicate Eq% ~, Mc&ssss  bad of <53 )mn unoiled Jakdof SPM, 53.6 56 I 74.3 76.9 NA NA 36.3 39.6
Fmsd  slush ice depth= 65 ~ Rate d formation of surface icz 55.7 + 79.1 + 40.5 +
canopy  =6.5unhnirs 58.8 21 77.4 2 0 420 24

62C 02-Sep86 Replbtc Expt. #3; Medium load of <53 pm ussoifc-d Jakolof SPM, 65.9 75.6 79.5 41.5
Subsamples analyzed  fm hydsoudsorss  by FlJ3~, Cdusrm-fast  ice 78.0 +
tistg at base of cdmms slowed ice grew@ Final slush icz S4.9 4.0
dqxh.  60 cm; ftatc of fossnaskm  of surfam  ice canopy  = 3.8 canhnin

62f3 02-scp86 Rcpficasc  Exp& W, Medksn load of C 53 j.um unoifed  Jakdof SPM, 54.8 59.0 38.0 43.9
Fmaf  slush ice depsfs = @ csm ftatc of fcn-rrmicm  of surface ice

41.9 43.3
60.7 + 49.4 + 44.9 +

canopy = 6.7 cmthnits 61.5 3.0 44.3 4.7 43.1 1.2

61A 31-Aug-86 Replicate E.xp #1 ; Mcdktt  load of <53 ~ Oifd Jakdof  SPM; 45.5 31.3 45.0 54.9 15.5 23.2
Ice gmwh was very mpid rmd  crysssds  appeared farger  (4-7 cm) slum 21.2 m.3 + 30.9
kEq. ~.titi#3; Fmdslwhim*=fiw  Raseof 27.1 1:.4 59.4 7.0
surface i= canopy= 8.1 cmhnirr

61B 31-Aus-86 Replicate Exps.  =, Medium bad of <53 pm oikd Jakdof SPM; 69.7 73.6 45.2 54.4 40.2 42.7
Iccobaervd  Iorkin5-6arl  flocaacroat  tiensiresubed~c 77.4 65.5 + 45.2
Subsamples  mafyzed  for hydrocmkms  by FIDW,  Finsd slush ice 525 8.4
dqnh. 60 W, Rate of formstias of surface ice canopy = 6.0 tim

61C 31-Aug-86 Replicate Esp. #3; Medium bad of c 53 pm oifed Jakolof  SPM; 24.5 33.5 59.1 59.2 35.3 44. i
Final slush i=&@ =58 mu Rare  af fosmatioss  of surface ice 37.6 + 54.2 + 521 +
W . 5.ocrssfmirl 38.4 6.4 64.3 4.1 44.8 6.9

NA NA

NA NA

NA NA

NA NA

NA NA



Table 8-11 (Continued)

MASS BALANCE CONSIDERATIONS

Final Tual
Tctal

SPM Post- SPM Mass
Initial Slush Maw Freeze

SPM Water 2=W
in Post-

Ia in
Mass

Water Free=

Exp. Na Date (mg) (:?)
~ Water

(::) &:) (Y) (mg)

62A 02-sep% 591 9,144 21 I ,055 925 8,089 332

62B 02-S@6 513 9,144 14 703 54.1 8,440 334

62C 02-scp86 @z 9,144 12 603 47.9 8.541 354

62D 02-scp86 539 9,144 17 854 37.5 8J90 192

61A 31-Aug-86 2E6 9,144 17 854 46.9 8.290 192

61B 3 l-Aug-86 673 9.144 16 820 44.6 LiJ24 355

61C 31-Aug-86 m 9,144 18 904 53.5 8J40 363

VA=  trot available



Table 8-12

ResuKts  of Gravimetric Analyses of SPM Loads in Initial Water Column  Slush Ice, Interstitbl  Water, and Postfreeze Water
$king Vertical Column Studies Starting with Heavy SPM Loads

SPM LOADS (m@)

Inisiaf Surface Insmritial Postfleesc
waler calm. Slusfl I= Waten Water C&mm

Mcarr Meao Maul Mean

EXP. No. Dare C4mwueots hrdiv s; Indiv & Jrdiv S+D Indiv S+D

50 22-Aug-86 Expaimsm #1; Very heavy Id of c 53 P unoiled Jskolof  SPU 8,165 7,%8 4,161 4,148 3,343 3349 5.794 5,W 1
IrliIid salinity= 31.5* water was tot’slly  opaque due so SPM 14, 7,771 4,217 3,426 5,918
Very 100W slush i= pwking  to a froaf 1A dq?d of 30 cars 4,0&5 6; 3.277 6; 5,932 6;

52 22-Aug4J6 Expaimcnt  #z Hwwy  load of <53 fun urded  Jakoki SPIA 1585 1627 2,165 2,110 2,050 1.586 1316 1282
Iniiat Salinisy = 30.0 ~ Jnkial lcdiicnt added until ff.sddight 1,641 2,055 1,121 1.247
karo was visi14e ihmugfr  she column mly as a bright spo&  hose 1,656 3;
slush i= pxkirtg to a find tord  dqnh  of 30 em

55 24-Aug-86 Experimmt  #3; intermediate krsd of <53 PM unoiled ]&Old  SPbt 526 528 653 593 762 674 397 405
J.nitid  asdinity =31.5 ~ Slush imformed  roso!aldcpdr  sM40urr 537 + 6Q4 620 400 +

522 6 520 5; 641 6; 418 9

56 25-Aug-S6 Nasura.i pm >333 ftnr km Kxsitsna  Bay mrrf.we  tow 0ss 24-Aug-lW 36 36 131 145 18 18 13 13
Primarily sqqmds (ranging lap to 1.5 mm in kmgrh), ampbipods,  crab 147
mea larva% smaff caclentcrak mcdrrsac, rmd shed barnacle cxoskeltons 15g 1:

54 24-Aug-86 Fmahwarcr fmzif eqx.;  fstm-nrcdke  load d c 53 pm t.mciled Jakolof 822 845 370 366 401 430 476 495
SPM; Ice cIYstals and flees wem much larger (4-7 cm) thrm in acawarer 851 + 361 435 507
expcrimenu  and difficult  to smnple  widmut  breskirig  and SPM loss Ml 17 454 2; 503 1:
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Table 8-12 (Continued)

MASS BALANCE CONSIDERATIONS

F~d hat Total
summed

Td ~w SPM SPM Poal- SPM Mass
waler S1uah  I= h;;yd

SPM Mass

SPM Water
s 2 ‘E:v$? :?

Mals in Mass In Fme.m in Posl- in Slurh Ice +

Mass
S;~h hez’stilid Wata ;iu: Imerstiriat  Water+

Eap Na Date (Or8) (:?)
Wtia Vol Poatfruze water

(an) (an) (mL) (ML) (:Y) (mg) (mg) (mL) (mg) (%)

50 22-Aus4?6 72,859 9,144 30 4 lm 201 1* 834 4.375 8,943 52$92 57,8(xl

52 22-Aug-86 14,877 9,144 30 5 1#17 265 1 j?d2 559 1,971 8,879 11,383 13,912

55 2&Aug-86 4,828 9,144 40 8 2,010 4432 1,608 238 1,084 8,742 3540 4,862

56 25-Aug-U6 329 9,144 50 6 2.512 216 2,236 40 40 8,867 115 196

54 24-Aug-86 7,727 9,144 60 11 3,014 553 2,462 202 1.059 8,591 433 5513



exper iments , t r ip l i ca te  measurements  o f  SPM loads in  the  s tar t ing  seawater ,  the

f i n a l  frazil  i c e  m a t r i x ,  t h e  i n t e r s t i t i a l  w a t e r , and postfreeze  water column

samples were completed. When exper imenta l  cond i t ions  ( l im i ted  sample  s ize ,

a v a i l a b i l i t y  o f s t o r a g e  c o n t a i n e r s , o r  t i m e )  a l l o w e d  o n l y  t w o  r e p l i c a t e s  o f  a

g i v e n m a t r i x type to  be  sampled fo r  SPM determinat ions ,  the  ind iv idua l  values

and t h e averages are  presented. I t  was not  a lways  poss ib le  to  ob ta in  samples

o f  i n t e r s t i t i a l  w a t e r  b e t w e e n  t h e  frazil  p l a t e l e t s ,  a n d  i n  t h e s e  i n s t a n c e s ,  t h e

missing data are designated by NA.

Examinat ion  o f  the  data  in  Tab le  8-10 shows tha t  there  was ev idence o f

e n t r a i n m e n t of SPM in the surface slush ice with an enriched SPM load compared

t o t h e  f i n a l  p o s t f r e e z e  ( d r a i n )  w a t e r  i n  a l l  t h r e e  e x p e r i m e n t s  w h e r e  u n o i l e d

SPM was used. In  the  four  exper iments  where  prev ious  o i l ing  o f  the  sed iment  or

SPM had taken place, the SPM load

same as t h a t  i n t h e i n i t i a l

c o l u m n  a t t h e  c o n c l u s i o n  o f  t h e

t h e s e  l o w e r  S P M  l e v e l s ,  i t  w a s

SPM occurred. T h i s  s u g g e s t s  t h a t

in  the  upper  ice  canopy was approx imate ly  the

w a t e r  c o l u m n  o r  i n  t h e  f i n a l  p o s t f r e e z e  w a t e r

exper iment . Thus, when oiled  SPM was used at

n o t  c l e a r  t h a t  a n y  “ a c t i v e ”  s c a v e n g i n g  o f  t h e

previously oi led SPM may not be as subject to

s t i c k i n g  o r s c a v e n g i n g  b y  t h e  r i s i n g  frazil  i c e  p l a t e l e t s  a s  u n o i l e d  S P M .  In

t h i s case then, the oi led SPM, which was measured in the upper ice canopy, may

h a v e  b e e n  s i m p l y  f i l t e r e d  b y  p a s s i v e  frazil  i c e  a n d  t r a p p e d  in  t h e  i n t e r s t i t i a l

w a t e r  w i t h i n  t h e  s u r f a c e  s l u s h

T a b l e  8 - 1 1  p r e s e n t s

c o m p l e t e d  w i t h i n t e r m e d i a t e

i c e  m a t r i x .

the  resu l ts  f rom the frazil  ice/SPM  e x p e r i m e n t s

SPM loads . Four  rep l ica te  exper iments  were  run

w i t h  b o t h  u n o i l e d  a n d  oiled  S P M ,  a n d  a s  s h o w n  b y  t h e  d a t a  i n  t h e  t a b l e ,  t h e

exper iments comple ted  w i th  uno i led  SPM (a t  an  in i t ia l  ambient  concent ra t ion  o f

6 0  mg/L)  a l l showed a  c leans ing  o f  the  SPM load f rom the  water  co lumn.  In

a d d i t i o n , an enr iched SPM load in  the  sur face s lush ice  compared to  the  in i t ia l

w a t e r c o l u m n  l o a d  o c c u r r e d  i n  t h r e e  o f  t h e  f o u r  e x p e r i m e n t s .  T h e  r e l a t i v e

p r e c i s i o n  w i t h i n  e a c h  e x p e r i m e n t  w a s  v e r y  g o o d , and wi th  the  except ion  o f  the

l o w  s l u s h  i c e  l o a d  f o r  E x p e r i m e n t  62D, there  appeared to  be exce l len t  agreement

among the tests.
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U n f o r t u n a t e l y , t h e r e s u l t s from the oi led SPM experiments were more

ambiguous. H igh S P M  l o a d s  w e r e  n o t e d  in the s u r f a c e  s l u s h  i c e  in all t h r e e

experiments , bu t  enr ichment  o f  o i led  SPM in the  sur face s lush ice  compared t o

t h e  i n i t i a l  w a t e r  c o l u m n  w a s  n o t e d  in  on ly  two o f  t h e  t h r e e  e x p e r i m e n t s . There

also appea red  to be a cleansing of the postfreeze water  co lumn o f  SPM (as  shown

b y the  reduced SPM load compared to  the  in i t ia l  water  co lumn before  in i t ia t ion

o f t h e experiment) ; however, th is  was the  case in  on ly  two out  o f  the  th ree

experiments , and s i g n i f i c a n t l y  g r e a t e r h e t e r o g e n e i t y  w a s  n o t e d  i n  t h e

post f reeze water  samples  in  one exper iment  (61B).

N e v e r t h e l e s s ,  i n  a l l seven exper iments , r i s i n g  frazil  p l a t e l e t s

s i g n i f i c a n t l y  r e m o v e d  s u s p e n d e d  p a r t i c u l a t e  mater ia l  f rom the  water  co lumn,  and

t h i s  p r o c e s s  w a s s l igh t ly  more  e f f i c ien t  w i th  uno i led  compared to  o i led  SPM.

S p e c i f i c a l l y , t h e u n o i l e d SPM materials yielded surface slush ice S P M  l o a d s

t h a t w e r e  h i g h e r (in a b s o l u t e  m a g n i t u d e )  t h a n  t h o s e  o b s e r v e d  w i t h  t h e  o i l e d

SPM,  and s imi la r  c leans ing  o f  pos t f reeze water  co lumn loads was measured in  a l l

u n o i l e d  S P M  e x p e r i m e n t s , wh i le  the  resu l ts  were  more  var iab le  when o i led  SPM

was used.

An overa l l  mass  ba lance was a t tempted w i th  each o f  the  mid- leve l  SPM

experiments . These data, which were derived from measured volume and SPM loads

i n S lush ice and pre- and post f reeze water  co lumn samples ,  a re  a lso  presented

i n  T a b l e  8 - 1 1 . A  c o m p l e t e  m a s s c l o s u r e was not  obta ined in  any o f  the

experiments ; however, a p p r o x i m a t e l y  70% of the SPM load could be accounted for

i n t h i s e x p e r i m e n t a l  s e r i e s . U n f o r t u n a t e l y , when these medium-level SPM load

exper iments were performed, i n t e r s t i t i a l  w a t e r  i n  t h e  s u r f a c e  s l u s h  i c e  m a t r i x

was n o t sampled s e p a r a t e l y , a n d  gravimetric d a t a  o n  S P M  l o a d s i n  t h e

i n t e r s t i t i a l  w a t e r  a r e  t h e r e f o r e  u n a v a i l a b l e . Such measurements were, however,

c o m p l e t e d  a t t h e very heavy SPM loads and, as the data in Table  8-12

i l l u s t r a t e , much bet te r  overa l l  mass c losure  was obta ined.

W h e n  c o n s i d e r i n g the data in Table 8-12, it s h o u l d  b e  n o t e d  t h a t  t h e

i n i t ia l  SPM concent ra t ions  were  exceed ing ly  h igh . Nevertheless , at unoi led SPM

c o n c e n t r a t i o n s  o f a p p r o x i m a t e l y 500, 1600, and  8000  m / L ,  t h e  d a t a  c l e a r l y

i l l u s t r a t e t h a t e l e v a t e d  l e v e l s of SPM are trapped by the surface slush ice
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( o n  t h e order of the i n i t i a l  s e a w a t e r  va lues)  and tha t  s imi la r  SPM va lues  are

p r e s e n t  i n  t h e e n t r a i n e d  i n t e r s t i t i a l  w a t e r  w i t h i n  t h e  s l u s h  i c e  m a t r i x .  I n

a l l  t h r e e  c a s e s , a  s ign i f i cant  c leanup o f  the  water  co lumn was noted. When the

S P M  l o a d s  w e r e m e a s u r e d  i n  t h e  i n t e r s t i t i a l  w a t e r  c o l l e c t e d  w i t h  t h e  s u r f a c e

S lush i c e , a much more accurate overal l  mass balance (approaching 80-100%) was

p o s s i b l e . As shown by the mass balance data in Table 8-12, actual mass of SPM

i n t h e s u r f a c e S lush i c e , t h e  i n t e r s t i t i a l  w a t e r  a s s o c i a t e d  w i t h  t h a t  s l u s h

i c e , a n d  f i n a l  p o s t f r e e z e  w a t e r  m a s s could  be t racked to  a  h igh degree o f

prec is ion  and accuracy  when compared to  the  to ta l  SPM mass in i t ia l l y  in t roduced

in to  the  water  co lumn.

I n  t h e s e  e x p e r i m e n t s , t h r e e  d i f f e r e n t  l o a d s  o f  S P M  w e r e  i n t e n t i o n a l l y

used to  span a  w ide range in  the  in i t ia l  water  co lumn in  order  to  determine if

t h e S P M  a f f e c t e d  t h e s lush ice  pack ing dens i ty  a t  the  heavy loads. A loose

p a c k i n g of  the  s lush ice  d id  appear  a t  these h igher  SPM loads,  and the  overa l l

ice formation depths were only 30 cm, compared to the 60 cm packings and denser

ice  c rys ta l  mat r ices  noted a t  lower  SPM loads (as  shown in  Tab le  8-11) . I t  iS

p o s s i b l e t h a t  t h e  heavy S P M  l o a d s  e n c o u n t e r e d  a f f e c t e d  frazil  i ce  ver t i ca l

m i g r a t i o n  b y  i m p a r t i n g  a  c h a n g e  i-n the frazil  p l a t e l e t  b u o y a n c y .

A d d i t i o n a l  v e r t i c a l  c o l u m n exper iments at heavy SPM loads were not

under taken w i th  o i led  SPM. As noted ear l ie r ,  the  o i led  SPM samples  used in  a l l

these exper iments w e r e  f r o m  s t i r r e d  c h a m b e r  oil/SPM  i n t e r a c t i o n  e x p e r i m e n t s ,

and these cou ld  not  be  comple ted a t  the  5- to  73-g in  leve ls  necessary  to  supp ly

t h e amounts r e q u i r e d  f o r  t h e  v e r t i c a l  c o l u m n  e x p e r i m e n t s  d e s c r i b e d  i n  T a b l e

8-12.

T a b l e  8 - 1 2  a l s o  p r e s e n t s  t h e  r e s u l t s of one experiment which was

p e r f o r m e d  u s i n g  natura l  p lank ton samples  f rom Kas i tsna Bay. The plankton were

o b t a i n e d by a s u r f a c e tow o f a plankton net with a 330 ~m mesh size on 24

August 1986. The p lank ton mater ia l  cons is ted  pr imar i l y  o f  copepods ( rang ing up

to  0 .15  mm),  amphipods,  crab zoea larvae, small  coelenterate  m e d u s a e ,  a n d  s h e d

b a r n a c l e exoskeletons . Water  samples  in  th is  ver t i ca l  co lumn exper iment  (No.

56) had a total surface slush ice depth of 50 cm. The sur face s lush ice
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c o n t a i n e d l a r g e amounts o f o r g a n i c m a t t e r , i n c l u d i n g  l i v i n g  p l a n k t o n  o f  a

l a r g e r  s i z e  c l a s s t h a n  t h a t  i n  t h e  p o s t f r e e z e  w a t e r . I n  t h i s  i n s t a n c e ,  o v e r

35% of the total SPM mass comprised of  p lankton was t rapped in  the upper

s u r f a c e ice . Based on observat ion  and grav imet r ic  ana lyses,  the  capac i ty  o f

t h e r i s i n g  frazil  i c e t o  c o n c e n t r a t e  t h e  p l a n k t o n  w a s  h i g h l y  e f f i c i e n t .  I n

a d d i t i o n , t h e  s u r f a c e  s l u s h  i c e  s a m p l e  c o n t a i n e d  n o t  o n l y  g r e a t e r  d e n s i t i e s  o f

p l a n k t o n  c o m p a r e d  t o  t h e  p o s t f r e e z e w a t e r  (on a v o l u m e  b a s i s ) ,  b u t  i t  also

c o n t a i n e d h i g h e r d e n s i t i e s  o f l a r g e r copepods, amphipods, b a r n a c l e  e x -

oskeletons , a n d  l a r g e r  p l a n k t o n  a n d  o r g a n i c  d e b r i s ,  d e m o n s t r a t i n g  a  s e l e c t i v e

f i l t r a t i o n  o f  t h e larger  organ isms. T h e  f a u n a  i n  t h e  i n t e r s t i t i a l  w a t e r  a n d

post f reeze water  co lumn was compr ised a lmost  en t i re ly  o f  smal l  copepods. There

was o n l y min ima l ev idence o f  o ther  fauna and p ieces o f  macro-a lgae. S i m i l a r

b e h a v i o r  o f s u r f a c i n g  i c e  h a s  b e e n  r e p o r t e d  i n  t h e  A n t a r c t i c . Examinat ion  o f

t h e mass c losure  data  fo r  the  p lank ton exper iment  showed that  a  to ta l  account -

i n g of  approx imate ly  60% of  the  mater ia l  in t roduced in to  the  co lumn was poss i -

b l e .

F i n a l l y ,  T a b l e  8 - 1 2  p r e s e n t s  t h e  r e s u l t s  f r o m  a  v e r t i c a l  c o l u m n  e x p e r -

i m e n t  c o n d u c t e d  w i t h  f r e s h w a t e r  frazil  ice. I n  t h i s  c a s e , a n  i n t e r m e d i a t e  l o a d

o f u n o i l e d  Jakolof SPM was used a t  a  s tar t ing  concent ra t ion  o f  approx imate ly

8 4 5  mg/L. The surface slush ice at the end of the experiment contained an S P M

l o a d  o f  3 6 6  m g / L ,  a n d  t h e  i n t e r s t i t i a l  w a t e r  c o n t a i n e d  4 3 0  mg/L. Thus , the SPM

loads s t i c k i n g  t o t h e  i c e  a n d  t r a p p e d  i n  t h e  i n t e r s t i t i a l  w a t e r  w e r e  s i m i l a r

to , b u t s l i g h t l y l e s s t h a n , t h e  i n i t i a l  w a t e r  c o l u m n  c o n c e n t r a t i o n .

Nevertheless , there  was s ign i f i cant  c leans ing o f  the  water  co lumn,  as  shown by

t h e  p o s t - f r e e z e w a t e r column SPM load of 495 mg/L. The overal l  mass balance

SPM with the freshwater experiment was reasonably good at 7 1 % .

In  the  f reshwater  exper iment , the  ice  c rys ta ls  and f loes  were  noted to

b e  l a r g e r ( 4  t o  7  c m )  t h a n  t h o s e  o b s e r v e d  w i t h  s e a w a t e r . Because o f  the i r

l a r g e r  s i z e , t h e y were m o r e  d i f f i c u l t  t o  h a r v e s t  w i t h o u t  d i s t u r b i n g  t h e  i c e

c r y s t a l s and c a u s i n g  l o s s  o f  S P M  d u r i n g  t h e  s a m p l i n g  p r o c e s s .  T h u s ,  t h e

s u r f a c e s l u s h i c e  S P M  l o a d , may have been somewhat  h igher  than the value

r e p o r t e d in  Tab le  8-12. Nevertheless , the  exper iment  d id  show that  f reshwater
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frazil  i s c a p a b l e  o f s c a v e n g i n g  S P M  f r o m  the  w a t e r  c o l u m n ,  a l t h o u g h  t h e

e f f i c i e n c y  did  not  appear  to  be as  great  as that  observed wi th  seawater  frazil.

The m a s s c l o s u r e  d a t a  f o r  a l l  t h e  e x p e r i m e n t s  i n  T a b l e  8 - 1 2  i n d i c a t e

t h a t  b o t h  a c t i v e  s c a v e n g i n g  o f  SPM o n t o  r i s i n g  ( p o s s i b l y  “ s t i c k y ” )  frazil  i c e

and pass ive  ent rapment  o f  SPM- laden in te rs t i t ia l  water  a re  impor tan t  mechan isms

f o r  e x p l a i n i n g  h i g h l o a d s  o f  f i n a l  S P M  i n  s u r f a c e  i c e  c a n o p i e s , T h e r e f o r e ,

w i t h t h e encourag ing resu l ts  obta ined when in  s i tu  frazil  fo rmat ion  was ca ta-

l y z e d  b y  a d d i t i o n o f  d r y  i c e  t o  t h e  s u r r o u n d i n g  f o o t  b a t h ,  t h e  n e x t  l o g i c a l

s t e p was to  under take s tud ies  us ing  a  thermal ly  jacketed ver t i ca l  co lumn such

t h a t  c o n t r o l  a n d  m e a s u r e m e n t o f  heat  t ransfer  could  b e  c o m p l e t e d  d u r i n g  t h e

e x e c u t i o n  o f t h e exper iments . S u c h  h e a t t r a n s f e r  d a t a  a r e  c r i t i c a l  f o r

u l t i m a t e m o d e l i n g  o f  frazil  i c e  f o r m a t i o n . These exper iments  are  descr ibed in

detail  i n  t h e f o l l o w i n g S e c t i o n  ( 8 . 6 ) . With  t h i s  j a c k e t e d  c o l u m n ,  i t  w a s

i n t e n d e d t h a t  a s e r i e s  o f exper iments s imi la r  to  those descr ibed above be

under taken;  however , r a t e s  o f  h e a t  t r a n s f e r  w e r e  t o  b e  c a r e f u l l y  c o n t r o l l e d  a n d

measured.

8.6 INITIATION OF THERMALLY JACKETED VERTICAL COLUMN STUDIES IN SUPPORT
OF MODELING OIL/ICE/SPM  INTERACTIONS

8 . 6 . 1 I n t r o d u c t i o n

W i t h  t h e  s u c c e s s f u l  c o m p l e t i o n  o f  t h e  v e r t i c a l  c o l u m n  s t u d i e s  u s i n g  a

d r y  i c e / m e t h a n o l  f o o t  b a t h  t o  i n i t i a t e  frazil  i c e  f o r m a t i o n ,  a d d i t i o n a l  e x p e r i -

ments were  under taken us ing  a  thermal ly  jacketed co lumn. The purpose of these

l a t t e r s t u d i e s was to  cont ro l  and obta in  data  on t h e  h e a t  t r a n s f e r  p r o c e s s e s

d u r i n g t h e  frazil i c e  f o r m a t i o n  a n d SPM scavenging event. Such data a r e

e s s e n t i a l f o r  a n y  a t t e m p t  a t  e v e n t u a l l y  m o d e l i n g  t h e  i n t e r a c t i o n s  o f  o i l ,  i c e ,

a n d  s u s p e n d e d  p a r t i c u l a t e  m a t e r i a l .

I n  the  l a b o r a t o r y ,  i t  i s  i m p o r t a n t  t o  b e  a b l e  t o  c o n t r o l  t h e  v a r i o u s

independent v a r i a b l e s t h a t  c a n  a f f e c t  t h e  r e s u l t s  o f  s u c h  i n t e r a c t i o n s . For

oil/SPM  i n t e r a c t i o n s  t h e s e  i n d e p e n d e n t  v a r i a b l e s  a r e :

298



1 )  O i l  d r o p l e t  f o r m a t i o n  r a t e  a n d  s i z e  d i s t r i b u t i o n

2 )  S P M  s i z e  d i s t r i b u t i o n  a n d  t o t a l  c o n c e n t r a t i o n

3 )  T o t a l  o i l  c o n c e n t r a t i o n

4 )  S e d i m e n t  t y p e

5)  Oi l  type and degree o f  weather ing

6 )  L e v e l  o f  t u r b u l e n c e .

W i t h  t h e  e x c e p t i o n  o f  t h e  o i l  d r o p l e t  f o r m a t i o n  r a t e  a n d  s i z e  d i s t r i -

b u t i o n , t h e s t i r red  chamber  exper iments  descr ibed in  Sect ions  4  and 5  o f  th is

r e p o r t  s u c c e s s f u l l y  a l l o w e d  e x a m i n a t i o n  o f  t h e  o t h e r  v a r i a b l e s  ( 2  t h r o u g h  6 )  o n

oil/SPM  i n t e r a c t i o n s .

When sea ice is added to the system, t h e  f o l l o w i n g  a d d i t i o n a l

independent  var iab les  must  be cons idered:

7 )  I c e  f o r m a t i o n  r a t e

8 )  D e g r e e  o f  s u p e r c o o l i n g

9 )  H e a t  t r a n s f e r  r a t e  t o  t h e  e n v i r o n m e n t

10. I c e  c r y s t a l  s i z e .

A s  d e s c r i b e d  i n  p r e v i o u s  s e c t i o n s  o f  t h i s  r e p o r t ,  t h e  d e g r e e  o f  s u p e r -

c o o l i n g  a n d  i c e  c r y s t a l  s i z e  c o u l d  b e  m e a s u r e d  ( b u t  n o t  n e c e s s a r i l y  c o n t r o l l e d )

d u r i n g the execut ion  o f  the  exper iments . T h i s  was not t h e  c a s e ,  h o w e v e r ,  w i t h

t h e c o n t r o l ( le t  a lone measurement )  o f  the  ra te  o f  heat  t rans fer  to  the  env i -

ronment  coup led w i th  the  ice  fo rmat ion  ra te .

8 . 6 . 2 Ice Formation Rate and Heat Transfer to the E n v i r o n m e n t

These t w o  var iab les  are  rough ly  equ iva lent ,  depending upon the degree

o f s u p e r c o o l i n g and any t e m p e r a t u r e  g r a d i e n t s  i n  t h e  system. I n  o r d e r  t o

c o n t r o l and measure  the  heat  t rans fer  to  the  env i ronment ,  i t  must  be  poss ib le

t o expose t h e  l a b o r a t o r y  ( o r  w a t e r  colunm)  e x p e r i m e n t a l  s y s t e m  t o  a  f l u i d  o f
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c o n t r o l l e d  t e m p e r a t u r e  ( l o w e r  t h a n the experimental system) and measure  the

change in  t e m p e r a t u r e  o f  t h a t  f l u i d  a f t e r  c o n t a c t  w i t h  t h e  e x p e r i m e n t a l  ( w a t e r

column) system.

The remainder  o f  th is  sec t ion  descr ibes  the  des ign and const ruc t ion  o f

a  l a b o r a t o r y  a p p a r a t u s  t o  a l l o w  c o n t r o l  a n d  m e a s u r e m e n t  o f  h e a t  t r a n s f e r  r a t e s

a n d  l e v e l s  o f  t u r b u l e n c e d u r i n g oil/ice/SPM  i n t e r a c t i o n  e x p e r i m e n t s . T h i s

apparatus was ins ta l led  a t  the  Kasitsna  B a y  L a b o r a t o r y  d u r i n g  F e b r u a r y  1 9 8 7 ,

and in i t ia l  scop ing exper iments  were  success fu l l y  comple ted as  descr ibed in  the

f o l l o w i n g  s e c t i o n s . U n f o r t u n a t e l y , a d d i t i o n a l  s t u d i e s ,  b e y o n d  t h e s e  i n i t i a l

t e s t s , were never undertaken due to the change in  program scope and the neces-

sary  focus on oil/SPM  i n t e r a c t i o n s  a l o n e , as  cons idered in  Sect ions  1-7  o f  th is

r e p o r t .

8 . 6 . 3 Ice-Column D e s i g n

T h e  c r i t e r i a  f o r  d e s i g n  o f  t h e  i c e - c o l u m n  w e r e  a s  f o l l o w s :

1)  T h e  s y s t e m s h o u l d  b e  a b l e  t o  m e a s u r e  a n d  c o n t r o l  h e a t  t r a n s f e r
r a t e s  i n c l u d i n g  r a t e s  c o m p a r a b l e  t o  t y p i c a l  n a t u r a l  r a t e s .

2) The sys tem shou ld  be ab le  to  measure  and cont ro l  tu rbu lence leve ls
inc lud ing  leve ls  comparab le  to  na tura l  sys tems.

3 )  T h e  s y s t e m should  a l l o w  v i s u a l  o b s e r v a t i o n  o f  t h e  Oil/Ice/SPM
i n t e r a c t i o n s .

I n  o r d e r to  meet  these c r i te r ia  the  sys tem shown in  F igures  8-32 and

8-33 was des igned. The column was designed to be compatible and complementary

t o t h e s u c c e s s f u l e x p e r i m e n t s  d e s c r i b e d  i n  S e c t i o n s  8 . 5 . 5 . This column

c o n f i g u r a t i o n  g i v e s a  l a r g e  a r e a  f o r  h e a t  t r a n s f e r  p e r  u n i t  v o l u m e  o f  w a t e r .

P l e x i g l a s was chosen as  the  pr imary  mater ia l  o f  const ruc t ion  in  order  to  a l low

v i s u a l  o b s e r v a t i o n s .

The ins ide  exper imenta l .  water  co lumn was const ruc ted  o f  0 .3-cm th ick

plexiglas  t u b i n g  ( 9 . 5  c m  I . D . , 10.1  cm O.D. ) ,  wh ich  was 152 cm ta l l .  Th is

y i e l d e d  a  c a p a c i t y  o f  a b o u t  10 L. T h e  outer  co lumn,  or  jacket ,  was 0 .64-cm
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t h i c k  plexiglas, 1 2 . 7  c m  I . D . , and 122 cm long, The volume of the annulus

formed by the jacket and inside experimental water column was about 5.5 L.

T h e  h e a t - t r a n s f e r m e d i u m  was a mixture of ethylene glycol  and water.

T h i s  m e d i u m  i s r e l a t i v e l y  e a s y  t o  w o r k  w i t h ,  r e a d i l y  a v a i l a b l e ,  i n e x p e n s i v e ,

and i t  h a s  w e l l - k n o w n  p r o p e r t i e s . I n  o r d e r  t o  c o n t a i n  t h e  e t h y l e n e  glycol/

w a t e r m i x t u r e w i t h i n the 5 .5-L  annulus  s u r r o u n d i n g  t h e  e x p e r i m e n t a l  c o l u m n ,

removab le  bu lkheads wi th  neoprene O-r ings  were  bu i l t . These seals worked wel l

i n  p r e l i m i n a r y tes ts  conducted in  February  1987. F l o w  o f  h e a t  t r a n s f e r  f l u i d

i n t o t h e  annulus was a c h i e v e d  t h r o u g h  Swagelok  f i t t i n g s  i n s t a l l e d  i n t o  t h e

plexiglas b u l k h e a d  a t  t h e  b o t t o m  o f  t h e  c o l u m n . F l o w  o f  f l u i d  out  o f  t h e

annu 1 us was a l l o w e d  t o “sp i l l ”  over  the  top  bu lkhead and f low through a  PVC

“ c o l l e c t i o n ” t u b e  b a c k  t o  t h e  r e c i r c u l a t i n g  s y s t e m .

T h e  f l o w  o f  h e a t - t r a n s f e r  f l u i d  w a s ach ieved us ing por t ions  o f  a

s a l v a g e d  Pelco  r e f r i g e r a t e d  c o o l a n t  r e c i r c u l a t o r . With  m i n o r  m o d i f i c a t i o n s ,

t h i s system was i n s t a l l e d  w i t h i n  t h e  w a l k - i n  coldroom  a t  K a s i t s n a  B a y  ( t o

m a x i m i z e  p o t e n t i a l  c o o l i n g  o f  t h e  h e a t  t r a n s f e r  f l u i d ) ,  a n d  i t  w a s  s u c c e s s f u l

in  p r o v i d i n g  t h e requ i red heat  remova l  and f low cont ro l  fo r  the  exper imenta l

w a t e r column s y s t e m  i n s t a l l e d  i n  t h e  a d j a c e n t  c o n t r o l  r o o m  ( i . e . ,  n o t  w i t h i n

t h e  w a l k - i n  coldroom  i t s e l f ) .

As s h o w n i n  F i g u r e  8 - 3 3 , t h e temperature a n d  flowrate  o f  t h e

heat - t rans fer  f lu id  and the temperature  o f  the  water  co lumn were measured.  The

temperature measurements were o b t a i n e d using type J thermocouples and O m e g a

E n g i n e e r i n g temperature  readouts . The flowrate  was measured using a precision

r o t a m e t e r .

I n “A Mode l  o f  Grease Ice  Growth  in  Smal l  Leads, ”  Bauer  and Mar t in

( 1 9 8 3 )  g i v e  v a l u e s o f  h e a t  f l u x e s  a t  t h e  o c e a n  s u r f a c e  o f  a b o u t  1 0 0 0  W/m2.

They assume an upper  ocean-mix ing  layer  about  0 .5  m th ick ,  so  the  heat  t rans fer

p e r u n i t v o l u m e  i s 2000 tJ/n13 . The volume of the water in the
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e x p e r i m e n t a l  j a c k e t e d i c e c o l u m n  w a s  about 10 L or  0 .01 m 3. T h e r e f o r e ,  t h e

requ i red heat  t rans fer  fo r  the  exper imenta l  sys tem w a s  a b o u t  ( 2 0 0 0 ) ( 0 . 0 1 )  W  o r

20 w. T h e  j a c k e t e d ice column was d e s i g n e d  to ach ieve a maximum of 100 W of

h e a t  t r a n s f e r  w i t h  t h e  a b i l i t y  t o  c o n t r o l  l o w e r  r a t e s .

T h e  o r i g i n a l  d e s i g n f o r  c o n t r o l  o f  t e m p e r a t u r e  o f  t h e  h e a t  t r a n s f e r

f l u i d  u t i l i z e d  a  p r o c e s s  c o n t r o l l e r w i t h  a n  o n / o f f  c o n t r o l  o f  t h e  c h i l l e r .

T h i s w o r k e d  s a t i s f a c t o r i l y  f o r  t h e  i n i t i a l  s c o p i n g  e x p e r i m e n t s ;  h o w e v e r ,  t h i s

d e s i g n  w a s u l t i m a t e l y  f o u n d  t o  b e  u n a c c e p t a b l e  b e c a u s e  o f  t h e  l o n g  r e s p o n s e

t i m e  o f t h e  c h i l l e r . T h e r e f o r e , the  des ign  was improved by  u t i l i z ing  a  smal l

p rocess h e a t e r  d o w n s t r e a m  o f  t h e  c h i l l e r  t o  c o n t r o l  t h e  t e m p e r a t u r e  o f  t h e

e t h y l e n e  glycol/water  m i x t u r e  f l o w i n g  i n t o  the  annulus.  This  n e w  d e s i g n  is

s h o w n  i n  t h e  P & I D  d i a g r a m  ( F i g u r e  8 - 3 3 ) ; h o w e v e r ,  i t  n e v e r  w a s  i n s t a l l e d

because o f  the  a forement ioned change in  program d i rec t ion .

Mechan ica l e n e r g y  i n p u t into the system was achieved using a small ,

v a r i a b l e speed motor mounted above t h e  w a t e r column. A  l / 2 - i n  d i a m e t e r

p r e c i s i o n  g r o u n d s h a f t ,  e q u i p p e d  w i t h  v a r i o u s  p r o p e l l e r s  w a s  l o w e r e d  i n t o  t h e

w a t e r column and a t tached to  the  motor . T h e  syseem  was designed to allow  the

eventua l  ins ta l la t ion  o f  the  Genera l  Thermodynamics  Mode l  M-1  Torque meter  used

i n  t h e  oil/SPM  i n t e r a c t i o n k i n e t i c s  e x p e r i m e n t s  d e s c r i b e d  in  Sect ion  4 .2 .1 .

Thus , i t  wou ld  u l t imate ly  have been poss ib le

j a c k e t e d column e x p e r i m e n t a l

5 . 2 . 2 . 4  o f  t h i s  r e p o r t .

8 . 6 . 4 Pre l im inary  Exper iments

D u r i n g  F e b r u a r y  1 9 8 7 ,  a

down the jacketed ice  co lumn and

s y s t e m ,  a s

t o  q u a n t i f y  t u r b u l e n c e  within  t h e

was descr ibed in  Sect ions  4 .2  and

ser ies  o f  exper iments  were  per formed to  shake

e n s u r e  t h a t  i n i t i a l  d e s i g n  c r i t e r i a  w e r e  m e t .

Exper iments us ing both  f reshwater  and s e a w a t e r  w e r e  c o m p l e t e d  i n  w h i c h  w a t e r

was in t roduced in to  the  exper imenta l  co lumn and then frazil  i ce  produced. All

o f t h e  e x p e r i m e n t s were s u c c e s s f u l i n  p r o d u c i n g  frazil  i c e  a f t e r  t h e  w a t e r

column had reached supercoo led ‘cond i t ions . A l l  o f  the  equ ipment  per fo rmed to

d e s i g n , e x c e p t  f o r  t h e  c o n t r o l  l o o p  ( a s  d i s c u s s e d  a b o v e ) .  T h e  h e a t  t r a n s f e r

a c h i e v e d  d u r i n g these exper iments a l lowed approx imate ly  2 0 - 3 0 %  of the water

co lumn to  be f rozen dur ing  a  2- to  3-hr  t ime per iod .
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8 . 6 . 5 Summary

T h e  r e s u l t s  o f  t h e  i n i t i a l  s c o p i n g  a n d  s h a k e d o w n

j a c k e t e d  i c e  c o l u m n i n d i c a t e d  t h a t  i t  w o u l d  b e  a  u s e f u l

exper iments  w i th  the

t o o l  i n  t h e  s t u d y  o f

oil/ice/SPM  i n t e r a c t i o n s t u d i e s . Most  o f  the  independent  var iab les  impor tant

t o such i n t e r a c t i o n s cou ld  be cont ro l led  or  a t  leas t  measured in  the  sys tem,

and a l t h o u g h some aspects  o f  the  sys tem opera t ion  s t i l l  needed to  be re f ined,

i t was c o n s i d e r e d t o  b e  e s s e n t i a l l y  r e a d y  f o r  s t u d i e s  s i m i l a r  t o  t h o s e

d e s c r i b e d i n  S e c t i o n  8 . 5 . 5 , in  wh ich  o ther  var iab les ,  such as  SPM type,  degree

o f  o i l i n g , t u r b u l e n c e ,  s a l i n i t y ,  e t c .  c o u l d  b e  i n t r o d u c e d .

T h e  s y s t e m  i s in place at the NOM  L a b o r a t o r y  a t  K a s i t s n a  B a y ,  a n d

w i t h minor a d d i t i o n a l e f f o r t , i t  c o u l d  b e  u t i l i z e d  s h o u l d  frazil  ice/SPM

i n t e r a c t i o n s  a n d q u a n t i f i c a t i o n s b e  r e q u i r e d  a s  p a r t  o f  a d d i t i o n a l  s t u d i e s .

T h e  s y s t e m  s h o w e d  g r e a t  p r o m i s e , a n d  c o u p l e d  w i t h  the  resu l ts  f rom the “dry

i c e ” v e r t i c a l column e x p e r i m e n t s  p r e s e n t e d  i n  S e c t i o n  8 , 5 . 5 , i s  ( i n  o u r

o p i n i o n ) t h e o b v i o u s  d i r e c t i o n f o r  c o n t i n u e d  a t t e m p t s  t o  s t u d y  a n d  m o d e l

oil/ice/SPM  i n t e r a c t i o n s .
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9 . 0  QA/QC

9.1 SPM CHARACTERIZATION

F o r  t h e  v a r i o u s p h y s i c a l a n d  c h e m i c a l  p r o p e r t i e s  m e a s u r e d  i n  the

sediment/SPM  t y p e s u s e d  f o r  e x p e r i m e n t s , t h e  f o l l o w i n g  QC m e a s u r e s  w e r e

employed, D u p l i c a t e analyses were conducted on 50% of the samples submitted

for  TOC and 20% of  the  samples  fo r  hydrocarbon content . I n s u f f i c i e n t  s a m p l e

volumes p r e c l u d e d  r e p l i c a t e  a n a l y s e s  f o r  o t h e r  p a r a m e t e r s .  T a b l e s  5 - 3  a n d  5 - 4

i n  S e c t i o n 5.1  present  the  resu l ts  o f  the  dup l ica te  measurements  fo r  TOC and

t o t a l r e s o l v e d hydrocarbons, r e s p e c t i v e l y . For TOG, r e l a t i v e  p e r c e n t

d i f f e r e n c e s  (RPDs)  fo r  rep l ica tes  ranged f rom 1 to  22%. Repl icate measurements

f o r  t h e  h y d r o c a r b o n  c o n t e n t  i n  Y u k o n  D e l t a  s e d i m e n t  w e r e  less  t h a n  t h e

a n a l y t i c a l  d e t e c t i o n  l i m i t , w h i l e  t h e  r e p l i c a t e s  f o r  G r e w i n g k  g l a c i a l  till  w e r e

1.2  and 2 .2  pg/g.

9.2 ISOTHERM DEVELOPMENT

The QA/QC measures  employed dur ing  iso therm deve lopment  cons is ted  o f

ana lyses  o f  dup l ica te  exper imenta l  samples for  approx imate ly  20% of  a l l  samples

and t h e  d e t e r m i n a t i o n  o f l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t s  (LCC)  f o r  e a c h

i s o t h e r m . Tab les 5 - 1 0  t h r o u g h 5-12 summarize values not only  fo r  max imum

a d s o r p t i o n c a p a c i t i e s b u t  a l s o  f o r  LCCS. LCC va lues approach ing 1,0  are

i n d i c a t i v e  o f a  h i g h  d e g r e e  of  f i t  o f  d a t a  t o  a  s t r a i g h t  l i n e .  A s  s h o w n  i n

Tab les 5 - 1 0  t h r o u g h 5-12,  o f  the 22 LCCS, 15 had va lues greater  than 0 .90,  6

h a d  v a l u e s  of  0 . 8 0 - 0 . 9 0 ,  a n d  1  ( e t h y l b e n z e n e  w i t h  Grewingk  g lac ia l  till)  had a

v a l u e o f  0 , 7 8 . The fac t  tha t  all  o f  these LCCS are  near  1 .0  not  on ly  a l lows

f o r c o n f i d e n c e i n  e x t r a p o l a t i n g to  the  max imum adsorp t ion  capac i t ies  a t  the

t e s t e d i n i t i a l c o n c e n t r a t i o n s in  the  exper iments  but  a lso  prov ides  assurance

that  the  iso therms were bracketed proper ly .

The d e t e r m i n a t i o n s of p a r t i t i o n  c o e f f i c i e n t s  w e r e  c o n d u c t e d  i n

t r i p l i c a t e  b y  e x a m i n i n g  t h r e e  o f the dosages within each isotherm s e t .  T h e

c o e f f i c i e n t  o f v a r i a t i o n (CV) a r i s i n g  f r o m  t r i p l i c a t e  K p d e t e r m i n a t i o n s  a r e
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p r e s e n t e d in p a r e n t h e s e s  in T a b l e  5 - 1 3 . The major i ty of the CV va lues were  a t

o r  b e l o w  2 5 % , w h i c h  i n d i c a t e s  a c c e p t a b l e  p r e c i s i o n  at t h e  l o w  c o n c e n t r a t i o n s

encountered.

The resu l ts  o f  ana lyses  o f  dup l ica te  samples  co l lec ted  dur ing  iso therm

exper iments can be found in  Tab les  9-1 ,  9-2  and 9-3  for  Cuts  #4,  #7,  and #10,

r e s p e c t i v e l y . T h e  r e l a t i v e  p e r c e n t  d i f f e r e n c e  (RPD) f o r  C u t  # 4  d u p l i c a t e s  s h o w

c o n s i s t e n t and e x c e l l e n t precision for all  compounds w i th  RPD va lues  rang ing

f r o m  2 . 6 %  t o  5 . 3 % . RPDs for Cut #7 compounds (Table 9-2) are consistent ly

around 2 5 %  f o r  t h e  d u p l i c a t e s  o f  t h e  Y u k o n  D e l t a  s e d i m e n t ,  w h i l e  t h e  RPDs  for

G r e w i n g k  g l a c i a l t i l l  w e r e near 10% for al l  compounds except 1,1’  -biphenyl.

The three sets of RPDs presented in Table 9-3 for Cut #10 ranged from 0.56% to

27.6%. The la t te r  values  fo r  RPDs are  acceptab le , and the range o f  the  va lues

r e s u l t s pr imar i l y  f rom inherent  p rob lems and er rors  assoc ia ted w i th  address ing

Cut  s1O as a whole.

9.3 OIL DROPLET NUMBER DENSITY COUNTS

A s  d e s c r i b e d  i n  S e c t i o n s  4 . 2 . 6 , o i l  d r o p l e t  n u m b e r  d e n s i t i e s  i n  a

sample f r o m  a s t i r red  reac t ion  vesse l  exper iment  were  determined by  count ing

t h e numb e r o f  o i l  d r o p l e t s  i n  f i v e  r a n d o m l y  c h o s e n  p h o t o g r a p h i c  f i e l d s . Mean

va lues fo r  the  numbers  f rom the f i ve  f ie lds  were  then determined. AS d e s c r i b e d

i n  S e c t i o n  5 . 2 . 2 ,  t h e s e  m e a n  v a l u e s  w e r e  f i r s t  t r a n s f o r m e d  t o  t h e i r  e q u i v a l e n t

n a t u r a l l o g a r i t h m i c  v a l u e s  a n d  a  l i n e a r  r e g r e s s i o n  l i n e  f i t  t o  t h e  t r a n s f o r m e d

data  fo r  a l l  t ime po in ts  be tween 1  and 15 minutes  in  a  g iven exper iment .

T o  e v a l u a t e f i t s  o f  t r a n s f o r m e d  n u m b e r  d e n s i t y  d a t a  t o  a n t i c i p a t e d

linear  t r e n d s  o v e r  t i m e ,  p r o d u c t - m o m e n t  c o r r e l a t i o n  c o e f f i c i e n t s  “ r ”  (Sokal  a n d

Rohlf, 1 9 8 1 )  w e r e  c a l c u l a t e d  f o r t h e  r e a c t i o n  r a t e  c o n s t a n t s “ k ”  f o r  e v e r y

s t i r r e d  r e a c t i o n  v e s s e l  e x p e r i m e n t . T h e  f r a c t i o n  o f  t h e  v a r i a b i l i t y  in  a  g i v e n

d a t a s e t t h a t c a n  b e  a c c o u n t e d  f o r  b y  t h e  l i n e a r  f i t  t o  t h e  d a t a  i s  e q u a l  t o

t h e

f o r

f o r

i n

s q u a r e  o f  t h e  p r o d u c t - m o m e n t  c o r r e l a t i o n  c o e f f i c i e n t  (r2). A  va lue o f  1 .00

2 w o u l d  i n d i c a t e  a  p e r f e c t  fit  o f  data  to  an expected t rend. V a l u e s  o f  r 2

the  s t i r red  react ion  vessel  e x p e r i m e n t s  a r e  s u m m a r i z e d  i n  T a b l e  9 - 4 . Data

t h e tab le  are  separa ted by  1)  sa l in i ty  and/or  2 )  sed iment  or  SPM type in  a
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Table 9-1

Results  of QWQC l@lkate $lam k Anal m for Cut #4 Isotherms with
Sieved Yukon &haSe&ent(YD)

AVERAGE CONCENTFL4 TION @/l)RPD’
Canpmmd Samples YD-$-5a&b

Toluate 1 ,180/’2..6%
EthyUxmzme 695/4.3%
m&pxykme 2,840/3.9%
O-xylene 1,670/4.7%
Ethylmethy!bcnzene 120/5.3%
c3-bcnzcnc 44/4.1 %
C3-benzene 48/4.6%

‘ relative percent difference

Table 9-2

Results of QA/QC Du Iicate Sample Analyses for Cut #7 Isotherms  with
iSieved Grewing Tili (KB)  and Yukon Delta Sediment (l’D)

AVEIUGE CONCENTRATION ~)/lZPD1
Campmmd %anples KB-7-l&b .%unples  YD-7-la&b

Tettamethylbamte 2S.6/10.25$
G-bcnzeme

22.6L?.5.7%
75.5/13.3% 65.1/26.1%

Naphthakme 1,110/8.6% 1 ,Olom.s%
2-mehylMpMtalcne 8424%7% 7i’om.4%
1 -methyhphthalcne 723/1 1 .9% 637L23.6%
1,1 ‘-biphcnyl 31.2J48.1% ~5.9m.7%

‘ relative parent diffcmm
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Table 9-3

Results  of 14./QC DU Iicate Sam leAnal .ses for Cut #10 Isotherms with
Siev~Greting~TiH  ~B),?.kon behaSedirseut(YD),a.d

Tumagatn AmI (TA) SPM

Sample Desigmanon Tm.d Cut #10 Avemge Concentration (@) ancl RPD’

K131-10-3a&b 123f27.6%
Y D - 1 0 - 3 * 35.7/.0S6%
TA-10-3a&b 9.83/9.3%

‘relative pemenf  differtnfx

p a r t i c u l a r  e x p e r i m e n t , w i t h the mean va lues  fo r  r z f o r  t h e  r e s u l t i n g  g r o u p s
-

a l s o  b e i n g  i n d i c a t e d . AS shown, v a l u e s  f o r  r L w e r e  g e n e r a l l y  >  0 . 9 0  i n  a l l

exper iments wi th  a  spec i f i c  sed iment  o r  5PM phase and sa l in i t ies  o f  14-31  ppt .

S u c h  v a l u e s indicace h i g h  d e g r e e s of fit of  the data to the expected

l o g a r i t h m i c  d e c l i n e s  i n  o i l  d r o p l e t  n u m b e r  d e n s i t i e s  o v e r  t i m e  t h a t  r e s u l t  f r o m

i n t e r a c t i o n s  o f  o i l  d r o p s  w i t h  a v a i l a b l e  s e d i m e n t  o r  S P M  p a r t i c l e s . Low values

of r 2  ( i . e . , u s u a l l y  <  0 . 6 0 )  i n  e x p e r i m e n t s  w e r e  c o n s i s t e n t l y  o b s e r v e d  e i t h e r

w i t h  no S P M  p h a s e  p r e s e n t  o r  a t  a  s a l i n i t y  o f  O  ppt. I n  b o t h  o f  t h e  l a t t e r
2i n s t a n c e s , t h e  l o w  v a l u e s  f o r  r w e r e  i n d i c a t i v e  o f  a n  a b s e n c e  o f  i n t e r a c t i o n s

between the oil drops and an SPM phase.

9.4 GR4VIMETRIC SPM WEIGHT DETERMINATIONS

T h e  gravimetric  m e t h o d  u s e d  t o  o b t a i n SPM load measurements  i s

d e s c r i b e d  i n  S e c t i o n  4 . 2 . 7 . The major i ty  o f  measurements  fo r  th is  parameter  in

b o t h SPM s e t t l i n g v e l o c i t y e x p e r i m e n t s  ( S e c t i o n  5 . 3 )  a n d  i c e - r e l a t e d

e x p e r i m e n t s  ( S e c t i o n  8 )  w e r e  p e r f o r m e d  i n  t r i p l i c a t e  ( i . e . ,  e i t h e r  t r i p l i c a t e

samples w e r e  c o l l e c t e d  a n d  a n a l y z e d  a t  a  s p e c i f i c  s a m p l i n g  e v e n t  o r  t r i p l i c a t e

subsamples were removed f o r  a n a l y s i s f r o m  a  g i v e n  p a r e n t  s a m p l e ) . In  a l l

i n s t a n c e s where t r i p l i c a t e measurements were made, the data  were repor ted as

mean values . T h e  c o r r e s p o n d i n g v a l u e s  fo r  the  s tandard dev ia t ions  and the

c o e f f i c i e n t s  o f var ia t ion  (CV)  assoc ia ted  w i th  spec i f i c  mean va lues  a lso  were

c a l c u l a t e d . CVS fo r  t r ip l i ca te  g rav imet r ic  measurements  o f  SPM loads  in
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Table 9-4

Summary of Linear Re ession Fits to Time-Series Oil Drop?et Count Data for
Genjwation  oF‘k” Reaction Rate Constanta  in Ex eriments

k“(r = square of product-moment correlation me ~cwnt)

“k” ?:

Date Exp. No. SPM ~ Gil-rjp :1) Indiv Mean

Jtd419-88 A Grewingk till Unwedmmd Pmdk Bay cmde o
Jul-09-88

0.46
B Grewingk till 12day weathered Pmdhcc Bay crude o

JuI-IW38
0.15

B Gmwingk dll Unweattrered No. 1 fuel
Fl?b-20-88

o 0.54 0.49
A Yukar Delta 9edirnmt unweathered  prudhoe  Bay crude

Apr-18-88
o 0.57

A Yukon Delta Wfiment 12day wembxed Prudhoe Bay crude o
Jld-20-88

0.50
B Yukcar Della sediment Unweathered No. 1 fuel o 0.73

Jrd-lo-88 A Grwirrgk tilf Unweathered Prudhoe Bay cmde 14 0.95
Jld-18-88 c Gmvirrgk  till Unweattremd  No. 1 fuel 15 0.97
Feb-24-88 A Yukoir Delta sediment Unweathered Prudhoe Bay CNde 14 0.88
Apr-19-88

0.94
A Yukon Delta sediment 12day  Wrtdtktd fhrdhoc Bay crude 14 0.94

JUI-20-88 A Yrthr Delta sediment Unweathered No. 1 fuel 14 0.97

hl-30-87 A Grewingk  tiU unweathered prudhoe Bay crude 30 0.93
Aug-29-87 A Grmvingk till Unwedwmxl Pmdhoe Bay cmde 30 0.90
se@O-87 A Grewingk till Unweathered Prudhoe Bay cmde
Nov-14-87

30 0.79
A Gmwingk till Unweatfrered  Prudhoe Bay crude

Nov-16-87
30 0.97

A Grewingk  tilf Unweathered Prudhoe Bay cmde
Nov-17-87 A

30 0.90
Grmvirrgk  tifl Unwcarhercd Prudhoe Bay crude 30 0.98 0.94

Jul-15-88 A Grwingk tifi 12day weathered Pmdm Bay crude 29 0.97
Jd-15-88 Grewingk till 12day wemlwmd Rudhce Bay crude 29 0.97
Jd-15-88 : Gmwingk till 12day weathered Prudhoe Bay crude 29 0.99
Jul-17-88 A Grewingk W 12day wdmrxl  Pmdhoe Bay cmde
Aug4%3-87

29 0.97
A Grewingk  till IW Glaaer Bay oif 30 0.94

JLd-19-88 A Gtewingk till Unweathered No. 1 fuel 30 0.94

Feb-21  -88 A Yokon Dclra sediment Unwcatked PIudhoc Bay cmdc
Feb-23-88

28 0.92
A Yukon Delta sediment Unwcxhmd  Prudhoe Bay crude 29 0.82

Apr-15-88 A Yukar Delta 9 * 1 12day wearhered Pmdlvx Bay crude 29 0.95
Apr-l&88

0.92
A Yukon Delta acdiment 12day weathered Prudhoe Bay crude 29 0.91

Apr-17-88 A Yukon Delta sediment 12day weathered Pmdlrm Bay crude 29 o.%
JId-19-88 c Yukmr Delta sediment Unwutherui  No. 1 fuel 30 0.94

Nov-12-87  - Tumagairr Arnr SPM Unweahemd  Pmdhce Bay crude 30 0.98
JuJ-17-88 B lhrnagain Arm SPM Unweathered Prudhoe Bay cru&
JLd-17-88

29 0.86 0.94
c Tumagairr  Amr SPM 12day wcallrem.d Prudhoe Bay crude 29 0.94

Jul-18-88 A ‘fhrrmgain Arm SPM Unweathered No. 1 fuel 30 0.97

Jld-lo-88 B Beaufort SdiIIWYN Unweathered Pmdhoe  Bay cmde 30 0.94
Jul-12-88 A Beaufort sediment 12day wearkmd Prudhoe Bay cmde 30 0.97 0.89
Jtd-15-88 D Beaufort Sc!diment Unweathered No. 1 frref 30 o.%
Juf-18-88 D Beaufort sediment Unweathered No. 1 htel 30 0.68

Jtd-lo-88 c Beaufort peat Unweathered Pmdttoc Bay crude 30 o.% 0.91
hd-12-88 B Beaufort ptat 12day wruitherrxf  Pmdhoe Bay crude 30 0.87

Jtd-19-88 B Jakolof sediment Ungathered No. 1 frtcl 30 0.93

Jld-11-88 D Kotzebue sediment Unweathered Pmdhce Bay cmde 30 0.97 0.93
Jul-14-88 A Kotdnre  aeditmmt 12day wedreruf Pmdlm Bay cmde 30 0.88

Jd-11-88 B Peard  Bay sedirnmt Unweathered Prudhoe Bay crude 30 o.% 0.%
Jul-13-88 B Peard Bay sedtmmt 12-day weattwed Prudhoe Bay crude 30 0.95
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Table 9-4 (Continued)

“k” ?:

Da~ Exp. No. SPM Type Gil-eypc #t) Indiv Man

Jul-11-88
JId-13-88

Feb-19-88
Feb-19-88
JLd-29-87
Aug-31-87
Nov-1 2-87
Nov-13-g7
Feb-19-88
Apr-13-88
Apr-13-88
Apr-14-88
Aug412-87
Jd-14-88

c
c

c
B
B
A
A
A
A
c
A
A
A
B

Prudhoe Bay sediment
Prod-me Bay sednw.m

N(XIC
Naic
None
None
Ncm
None
None
None
None
Nom
None
Ncne

Unwcathcrcd Prudhoe Bay crude
12day wcadwmd  Prudhoe Bay crude

Unwcathmd Prudhoe  Bay crude
Unw+rcd  Prudhoe Bay crude
Unwuthmed  Pmdhce  Bay crude
Unwcahmcd Prudtmc Bay crude
Unwcdhxed  Ptudtme  Bay crude
Unwcuhcrcd Pnxihoc  Bay cmdc
Unweathered Pmcbc Bay crude
12day wcahmci Prudhoe Bay crude
12day weathered PNdhoc  Bay crude
12day weathered Prudhoe Bay cmde
Rff’ Glacier Bay oil
Unwcadnned  No. 1 fuel

30 0.89 0.93
31 o.%

o 0.34
13 0.44
30 0.20
30 0.01
30 0.53
30 0.08 0.29
30 0.05
0 0.37

29 0.26
29 0.16
30 0.32
29 0.67

i c e - r e l a t e d  e x p e r i m e n t s (Sect ion  8)  and se t t l ing  chamber  exper iments  (Sect ion

5 .  3 )  a r e  s u m m a r i z e d  i n  F i g u r e s  9-l(a)  and (b)  ,  respect ive ly . As i l l u s t r a t e d ,

the CVS for SPM load measurements were general ly < 20% when SPM loads were

g r e a t e r  t h a n  a p p r o x i m a t e l y  2 0  m g  d r y  wt/L.  At low SPM loads ( i .e. ,  < 20 mg/L),

the CVS were frequently higher because gravimetric  measurements  approached the

d e t e c t i o n l i m i t s f o r  t h e  a n a l y t i c a l  b a l a n c e . W h i l e  m e a s u r e m e n t s  f o r

gravimetric  SPM loads in samples for this NOAA program were not always made in

t r i p l i c a t e , t h e t r e n d s s u m m a r i z e d  i n F i g u r e 9 - 1  s h o u l d  b e  i n d i c a t i v e  o f

v a r i a b i l i t i e s  t o  b e  e x p e c t e d  f o r  a l l  s i n g l e - p o i n t  m e a s u r e m e n t s .

9.5 HYDROCARBON DETERMINATIONS BY FID-GC

T h e  f i l t r a t i o n  a n d ana lys is  procedures  used to  collecc  a n d  m e a s u r e

q u a n t i t i e s  o f  o i l t h a t  e x i s t e d  e i t h e r  a s  f r e e  o i l  d r o p l e t s  o r  i n  a s s o c i a t i o n

with SPM are summarized in Sect ion 4.2.7. The resu l ts  o f  tes ts  to  document  the
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ice–related  e x p e r i m e n t
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F!gure  9-1. Coefflclents of Varlatkm (CVS9 for Grsvlmetrlc SIJM Load  Measurements (n = 3)
Versus Mean Values  for the Corresponding SPM  Loads

(a) Ice-related experiments (Section 8). (b) Settling chamber experiments (Section 5.3).
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e f f i c i e n c y  o f t h e s e  p r o c e d u r e s  f o r  r e c o v e r i n g  oi l  f r o m  s a m p l e s  h a s  b e e n

p r e s e n t e d  in a p r e v i o u s  r e p o r t  t o  M M S  ( S e c t i o n  3.1.1  in Payne et al . ,  1987b),

F o r  t h e  c u r r e n t NOAA program, d u p l i c a t e  s a m p l e s  w e r e  f r e q u e n t l y

c o l l e c t e d a n d  a n a l y z e d  f o r  o i l  c o n t e n t  i n  e x p e r i m e n t s  i n v o l v i n g  o i l  a d d i t i o n s .

Va lues f o r r e s u l t i n g  r e l a t i v e  p e r c e n t  d i f f e r e n c e s  (RPD) i n  t h e  o i l  v a l u e s  f o r

d u p l i c a t e measurements  have been c a l c u l a t e d  a n d  t h e  d a t a  a r e  i l l u s t r a t e d  i n

F i g u r e  9 - 2 . As  shown,  RPDs were  genera l ly  <  30% for  to ta l  o i l  loads  vary ing

f rom a p p r o x i m a t e l y  4 to 125 mg oil/L. Fur thermore , t h i s  i n d e x  o f

r e p r o d u c i b i l i t y fo r  o i l  measurements  appears  to  be la rge ly  independent  o f  the

t y p e o f  o i l  d e t e c t e d  ( i . e .  , unweathered and 12-day weathered Prudhoe Bay crude

o i l , unweathered No. 1  f u e l  o i l ,  a n d  n a t u r a l l y  w e a t h e r e d  N o r t h  S l o p e  c r u d e  o i l

r e c o v e r e d f r o m  t h e  R / T  G L A C I E R  BAY s p i l l  e v e n t  i n  C o o k  I n l e t ) .  T h e  d a t a  in

F i g u r e  9 - 2  c a n  b e  u s e d  a s  e s t i m a t o r s  f o r  v a r i a b i l i t i e s  i n  o t h e r  s i n g l e - p o i n t

measurements  fo r  o i l  loads .
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I!YRODL’CTION

Three samples of Alaskan si l t  were received in  the  laboratory for  !-ray

d i f f r ac t i on  ana l ys i s . It  was requested that the mineral phases  present in

the silt  samples be determined by this method. The fol lowing report

represents the results of the studies and is respectful ly submitted,

S~>lp~ES

Samples were received with the  fol lowing designations:

1. Yukon Delta Sediment, <53 microns
7-. Grewingk  Glac ia l  T i l l ,  <53 microns
3. Turnagain  Arm SPF!

SAHPLE P!?EPA!?ATION AND STUDY METHODS

AS these samples were received as fine powders,  no preparat ion was

necessary  o ther  than dry ing  the  samples  and pack ing them into  s t a n d a r d

holders which were run in a Phi l ips Electronics X-ray dif fractometer

equ ipped  with  a crystal monochrometer. The operating condit ions are

on the enclosed X-ray dif fraction charts.

marked

X-ray  dif fract ion is  a  crysta l  s t ructure  analys is  method using  the  atomic

arrays wi th in  the  crysta ls  as  a  three  d imensional  d i f f ract ion grat ing to

di f f ract  a  monochromat ic  bean of X-rays. The angles at which the beam is

di f f racted are  used to calculate the interplanar atomic spac ings

(d-spacings) giving information about how the atoms are arranged within  the

c r y s t a l l i n e  c o m p o u n d s . These patterns are compared to over 50,000 data

en t r i es  i n  t he  powde r  d i f f r ac t i on  f i l e .
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I n  order  t o  i d e n t i f y  some o f  t h e  minor  phases, a d d i t i o n a l  s t u d i e s  w e r e  :naJe

usin$ gravimetric  t e c h n i q u e s  t o  s e p a r a t e  t h e  f i n e  f r a c t i o n s ,  especially  t o

deternlne  if possible clay phases were ?resent. This was done 5y settling

out  the larger  than 10 micron  f r ac t i on , then concentrating the Less than 10

micron fraction that remained in suspension, this fract ion was al lowed to

dry on a piece of microscope sl ide into an oriented layer. After running

these preparations through the d i f f rac tometer ,  they were addi t iona l ly

studied after heating to 500 degrees C.

DISCUSSION

The enclosed X-ray dif fract ion charts are marked with the interplanar

atomic spacing measurements (d-spacings) in angstrom units and with the

co r respond ing  Miller  Index (hkl)  of the crystal lographic plane  caus ing

r e f l e c t i o n . Phase identification was made by comparison with standard

each

data

in  t he  JCPDS/ASTNl d i f f r a c t i o n  f i l e s .

The samples are fair ly similar with alpha-quartz and feldspar as the major

constituents and minor amounts of

minor unidenti f ied peaks are also

both nica  and a chlori te mineral.  A few

found which indicate the presence of an

unknown phase. Severe interference from other peaks prevent complete

i d e n t i f i c a t i o n . A summary of the X-ray diffraction data is presented on

the next  page.
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TURNAGAIN

This sample contains minor phases of both CHLORITE and an ILLITE clay

De r i va t i ve  o f  m i ca .  The  ana lys is  o f  these s i l t s  was not  s t ra igh t  fo rward .

I t  w a s  a t  f i r s t  t h o u g h t  a  k a o l i n i t i c  c l a y  w a s  p r e s e n t  b y  t h e  p e a k  a t  1 2 . 2

angstroms, but heat treatment at 500 degrees C fai led to d e c o m p o s e  the c l a y

into the amorphous meta-kaolin (compare XRD charts #79857 and #79859),

This fact and the presence of the 14 angstrom peak which did not shift to a

smaller value upon heating ( indicative of montmori l lonite clay) confirmed

CHLORITE as the preferred identification. The remainder of the p e a k s

appear to match the amphibole mineral, HORNBLENDE, in addition to the

qua r t z  and  fe l dspa r .

GREWINGK GLACIAL TILL

A strong minor amount of a chlori te mineral is found in this sample in

addit ion to the major quartz and feldspar concentrations. A minor amount

o f  i l l i t e  i s  a l so  p resen t  a l ong  w i t h  a  t r a c e  o f  t h e  h o r n b l e n d e  a m p h i b o l e .

YUKON DELTA SEDIMENT

This sample is dif ferent as compared to the two samples. This Yukon si l t

has only a trace of the chlori te mineral. Even an oriented sample did n o t

s h o w  e n o u g h  o f  a  c h l o r i t e  p a t t e r n  f o r  a  d e f i n i t i v e  i d e n t i f i c a t i o n , T h i s

sediment also appears to have two different feldspar group minerals. The

major form is the p lag ioc lase fo rm found in  the  o ther  two samples .

LABRADORITE shows the closest match to this pattern. A lesser amount of a

potassium feldspar such as MICROCLINE or  SANDINE appears to be present. In

Sandine a port ion of the potassium is re la ted by sodium.  In ter ference by

the other patterns makes i t  impossible to di f ferent ia te  between these two

forms.
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SAMPLE

Turnaga in

Yukon

Grewingk

ALPHA-QUARTZ

M a j o r

Major

Major

SUMMARY OF THE X-RAY DIFFRACTION DATA

FELDSPAR C H L O R I T E MICA

Intermediate  + Minor Minor

Intermediate  + Trace ? Trace

Intermediate  + Minor + Trace

OTHER

H o r n b l e n d e  -  M i n o r

S a n a d i n e / M i c r o c l i n e

I n t e r m e d i a t e

Hornblende - Trace
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THE X-RAY DIFFRACTION ANALYSIS OF FIVE SEDIMENTS
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INTRODUCTION

F i v e  s e d i m e n t  s a m p l e s  w e r e  r e c e i v e d  i n  t h e  l a b o r a t o r y  f o r  X - r a y

d i f f r a c t i o n  a n a l y s i s . I t  was requested tha t  the  minera l  phases

present  in  the  s i l t  samples  be determined by  th is  method.  The

f o l l o w i n g  r e p o r t  r e p r e s e n t s  t h e  r e s u l t s  o f  t h e  s t u d i e s  a n d  i s

r e s p e c t f u l l y  s u b m i t t e d .

SAMPLES

Samples were received with the following designations:

1. 88213&05A  Beauford Sea
2. 882130-06A Jakoldf
3. 882130-07A Peard Bay
4. 882130-08A Prudhoe Bay
5. S82130-09A  Koczebue

SAMPLE PREPARATION AND STWYMETHODS

Init ial  studies were made of the as-received sediments. As they were

received as the less-than 53 micron fraction, no preparation was

necessary for this study other than drying the sanples  and packing

them into standard holders which were run in a Philips Electronics

X-ray  d i f f rac tometer  equipped wi th  a  crys ta l  nonochroneter.  The

o?erating  condit ions are marked on the enclosed X - r a y  d i f f r a c t i o n

c h a r t s .

In order to identi fy some of t!le  minor  phases,  addi t iona l  s tud ies

were made. Acetone slurries of the sediments were were allowed to

dry on p ieces of  rsicroscope  s l ides in to  or iented layers .  Af ter

running the X-ray dif fraction scans of the as-received preparations,
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they were addi t ional ly  s tudied after heating to 550 de~rees  C, then

r u n  again  in the d i f f r a c t o m e t e r .

In  o r d e r  t o  d i f f e r e n t i a t e  b e t w e e n  t h e  nontmorillonite  c lays  and the

chlorices, add i t iona l  s tud ies  were  made by  expos ing the  heat - t rea ted,

o r i e n t e d  p r e p a r a t i o n s  t o  e t h y l e n e  glycol  vapor  for  24 hours  to

d e t e r m i n e  i f  t h e  (001)  l a y e r  e x p a n s i o n  o c c u r r e d ,  i n d i c a t i v e  o f  t h e

montmorillonite  group.

DISCUSSION

The enclosed X-ray dif fract ion charts are marked with the interplanar

atomic spacing measurements (d-spacings) in angstro[.1  units and with

the corresponding Miller  Index (hkl)  of  the crysta l lographic  p lane

causing each reflection. Phase identification was made by comparison

wi th  s tandard data in  the JCPDS/AS’TM d i f f rac t ion f i les .

The samples are fair ly similar  with alpha-quartz as the mnjor

consti tuent with lesser amounts of other minerals such as feldspar,

kaolinite, mica and a chlori te m i n e r a l . The heat-treatment studies

a l lowed d i f ferent ia t ion of  the kaolinite  in  the presence of  ch lor i te .

Kaolinite  becomes the amor+hous  nets-kaolin between 500 and 600

degrees C. This effect is clearly observed in XRl) charts 80313 vs.

80329.

At a t e m p e r a t u r e  of  550 de~rees  C, the peak occuring  at  14A s h o u l d

c o l l a p s e  due to  in ter - layer  w a t e r  10SS if this peak is  caused by
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r.~ontnorillonite. The dehydrated montmorollinite  t!)en  should produce

a peak at  9A which can be re-expanded  to 17.4 by absorbing ethlene

glycol.  This peak shift  did not  occure, ident i fy ing the 14 A peak as

e n t i r e l y  due  to  ch lo r i t e .

No hornblende or related anphibole  minerals were found  in any of

these sediments. A summary of the  X-ray dif fract ion data is

?resented  on the next page. However a few comments will be made

per ta in ing to  spec i f ic  sed iments .

3eauford  Bay

This sample  contains minor to intermediate amounts of both an ILLITE

clay derivative of mica and a CHLORITE mineral. The  i den t i f i ca t i on

of the illite  clay was r.~ade possible by the  or iented s tudy,  as

r e l a t i v e l y  strong

were found. Th is

more ordered m i c a

peaks other than those caused by (000  ref lect ions

would not occur in the oriented studies with the

minera ls . !leat-treating  the sediment caused a

not iceable

format ion,

con t r i bu te

attenuation of the 7.1A peak due to meta-kaolinite

i nd i ca t i ng  that  both  KAOLINITE  clay and CHLORITE

t o

Peard Bay

This sediment

this 7 A  r e f l e c t i o n .

is similar  to the the o t h e r  samp les  w i t h  a rl~inor co

in te rmed ia te  concen t ra t i on  of  chlori te alon~  with the hiSh  qua r t z

content . Illite  concentrat ion in this sample is only a trace  to

minor concentrat ion. A mino r  amoun t  of  OLIVINE, (ifg,Fe~SiO  , may4
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also be present in this sediment, however certainty cannot  be

assi~neci  on the presence of only the ;eak  at d=2.78A.

Prudhoe Bay

An internecliate  amount o f

related carbonate nineral,

CALCITZ (CaCO ) and a minor  a m o u n t  o f  t h e
3

DOJ.0!4T.’l’E, CaMg(C03)= are a r e  both follnd

only  in this sediment. Chlori te and illice  are both found as m i n o r

cons t i t uen ts  along  with the ~reater  amount of kaolinite  which is

found in this sediment.

Kotzebue

The highest chlori te content was found in this sediment. SliSht

a t t e n u a t i o n  o f  t h e  7 . 1 2 A  p e a k  a f t e r  h e a t - t r e a t m e n t  i n d i c a t e s

c o n c e n t r a t i o n  o f  kaolinite  i s  a l s o  c o n t a i n e d  i n  t h i s  s a m p l e .

a m o u n t  of  olivine  may also be present in this sediment alon~

Inore  s i g n i f i c a n t  q u a r t z  a n d  f e l d s p a r  c o n t e n t .

a minor

A minor

with the

The Jakalof  sediment is similar to the other samples, however it

contains only a trace of illite.
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SAMPLE -QUARTZ

Beauford
Sea - 05A Mii jor

Jakalof
-06A Major

Peard Bay
47A Major

Prudhoe
Bay-08A Major

Kotzebue
4 9 A Major

SUMMARY OF THE X–RAY DIFFRACTION MINERALOGY

Minor+

Intermed.

Minor

Minor+

Intemxd.

CHLORITE ILLITE——

Minor+ Minor+

Minor Trace

Minor+ M i n o r -

Minor W nor+

Intermed. Minor+

KAOLITE

Intenned.

Minor

Minor

Minor+

Minor

.

Oi’HER

—

Olivine?

Calcite(  Intmmed.  )
Dolomite (Minor+)

Ol iv ine?
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Field Validation Studies of Oil  Weathering
Related to the EXXON VALDEZ Oil Spill

1.0 INTRODUCTION

Since t h e  T r a n s - A l a s k a  p i p e l i n e  c o m m e n c e d  o p e r a t i o n  i n  1 9 7 7 ,  a c t i v i t i e s

r e l a t e d  t o  b o t h  d r i l l i n g  o p e r a t i o n s  a n d  c o m m e r c i a l  t r a n s p o r t  h a v e  p r o v i d e d  t h e

p o t e n t i a l  f o r  l a r g e - s c a l e  r e l e a s e s  o r  s p i l l s  o f  oil  i n t o  c o a s t a l  e n v i r o n m e n t s

o f  A l a s k a . U n t i l  r e c e n t l y ,  t h e  l a c k  o f  s i z e a b l e  a c c i d e n t s  o r  m i s h a p s  i n v o l v i n g

s p i l l s  h a s  b e e n  n o t e w o r t h y . However, on 24 March 1989 the EXXON VALDEZ oil

t a n k e r  b e c a m e g rounded  on Bligh  R e e f  n e a r t h e  p o r t  o f  Valdez. F o l l o w i n g

r u p t u r e  o f cargo tanks  in  the  vesse l , more  than 10 mi l l ion  ga l lons  o f  Prudhoe

Bay crude o i l  w e r e re leased in to  the  mar ine  waters  o f  Pr ince Wi l l iam Sound.

W i t h i n  t h e ”  f i r s t  w e e k  f o l l o w i n g t h e  i n c i d e n t ,  o i l  h a d  i m p a c t e d  a n  a r e a  o f

approx imate ly  900 square  mi les  in  the  Sound to  the  southwest  o f  the  s i te  o f  the

g r o u n d i n g . W i t h  t i m e ,  s u b s t a n t i a l  p o r t i o n s  o f  t h e  oil  a l s o  m o v e d  o u t  o f  t h e

S o u n d  a n d  i m p a c t e d  c o a s t a l  wate,rs  fu r ther  southwest  a long the Kenai  P e n i n s u l a ,

Kod iak  Is land,  and even areas as  fa r  as  the  A leut ian  Is lands.

I n  a n t i c i p a t i o n o f  t h e  p o s s i b i l i t y  o f  m a j o r  o i l  spills  i n  a r c t i c  a n d

subarct ic mar ine waters of Alaska, SAIC has been responsible for conducting

numerous programs for NOAA OCSEAP and MMS to evaluate and develop numerical

models descr ib ing the behavior o f  o i l  r e l e a s e d  i n t o  c o a s t a l  m a r i n e

environments, Major emphasis and interest in these programs has been directed

toward scenar ios  for  potent ia l  re leases of  o i l  in to  Alaskan waters . T i t l e s  o f

F i n a l  R e p o r t s p r o d u c e d  b y  SAIC d u r i n g the conduct of these programs have

included: 1 )  M u l t i v a r i a t e  A n a l y s i s  o f  P e t r o l e u m  W e a t h e r i n g  i n  t h e  M a r i n e

Environment- -- Sub Arct ic  (Payne et  a l . , 1984a), 2) Development of a Predictive

M o d e l  f o r  t h e  W e a t h e r i n g of  Oi l  in  the  Presence of  Sea Ice  (Payne et  a l . ,

1984b)  , 3) Development of a Predictive Model for the Weathering of Oil  in the

Presence of Sea Ice (Payne et al., 1 9 8 7 a ) ,  4 )  I n t e g r a t i o n  o f  S u s p e n d e d

P a r t i c u l a t e  M a t t e r and Oil  Transportation Study (Payne et al . ,  1987b),  and 5)

O i l / I c e / S e d i m e n t  I n t e r a c t i o n s During Freezeup and Breakup (Payne et al., the

cu r ren t  r epo r t ) . I n  pa r t i cu l a r , major analyt ical and modeling efforts in these

programs have included the fol lowing:
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deta i led  inves t iga t ions  o f  tempora l  changes in  the  chemica l  and phys ica l
p r o p e r t i e s  o f  o i l  r e l e a s e d  i n t o  m a r i n e  w a t e r s  ( e . g . ,  c o m p o s i t i o n  a n d
t h e o l o g i c a l  p r o p e r t i e s  o f  t h e  o i l ) ,

the  e f fec t  tha t  these changes have on the behav ior  and fa te  o f  the  o i l ,

i n t e r a c t i o n s  o f  o i l  a n d  s u s p e n d e d  p a r t i c u l a t e  m a t e r i a l  ( 5 P M )  i n  a  w a t e r
co lumn as funct ions  o f  1 )  the  type and degree o f  p r io r  weather ing  o f  the
o i l ,  2 )  t h e  t y p e  o f  p a r t i c u l a t e  m a t e r i a l , 3 )  t h e  s a l i n i t y  o f  t h e  w a t e r ,
a n d  4 )  t h e  l e v e l  o f  t u r b u l e n c e ,  a n d

ef fec ts  o f  oil/SPM  i n t e r a c t i o n s  o n  s e d i m e n t a t i o n  r a t e s  o f  5 P M  a n d  o i l  a s
f u n c t i o n s  o f  1 )  t h e  e x t e n t  o f  oil/SPM  i n t e r a c t i o n s ,  2 )  t h e  t y p e  o f
p a r t i c u l a t e  m a t e r i a l , a n d  3) t h e  s a l i n i t y  o f  t h e  w a t e r .

Labora tory  components  in  the  programs have normal ly  invo lved exper imenta l

e f f o r t s o n  s i z e  s c a l e s  r a n g i n g  f r o m  r o u t i n e  l a b o r a t o r y  v e s s e l s  ( e . g . ,  ~ 10 L)

t o  2 8 0 0 - L  f l o w - t h r o u g h  s e a w a t e r  w a v e t a n k s . R e s u l t s  f r o m  t h e s e  r e l a t i v e l y

“ s m a l l - s c a l e ” e x p e r i m e n t a l se tups have prov ided necessary  numer ica l  da ta  and

i n s i g h t  i n t o  t h e  b e h a v i o r  o f  s p i l l e d  o i l . In fo rmat ion  f rom the  exper iments  has

then been used to support and verify aspects of the numerical models developed

for  predic t ing  the  behavior  o f  sp i l led  o i l .

In the context of the programs performedby SAIC,  it has not been possible

t o t e s t a s p e c t s  o f t h e  m o d e l s  o n s c a l e s  l a r g e r than that of the 2800-L

wavetanks . However, a  s p i l l - o f - o p p o r t u n i t y of  la rge-sca le  propor t ions  d id

become a v a i l a b l e  f o r  i n v e s t i g a t i n g  a n d / o r  c o r r o b o r a t i n g  a s p e c t s  o f  t h e

laboratory and wavetank experiments with the grounding of the EXXON VALDEZ and

t h e  r e l e a s e of more than 10 million gallons of Prudhoe Bay crude oil into the

waters of Prince William Sound. With the support of NOAA OCSEAP in Anchorage,

SAIC d i d  m o b i l i z e  a n d  i n i t i a t e  a f ie ld-sampl ing ef for t  for  s tudies  in  the

Prince Will iam Sound area within three weeks of the spil l  incident.  Results of

the f ield study are included in this appendix.

2.0 METHODS AND MATERIALS

T o  p r o v i d e a necessary  support  p la t form for  both  col lect ion and in i t ia l

processing of samples, the NOAA Launch 1273 was transported by NOAA OCSEAP from

Prudhoe Bay to Valdez  (AK) in early April  1989, Samples for oil  analyses were

s u b s e q u e n t l y  c o l l e c t e d  i n t h e  f i e l d  b y  t h r e e  SAIC s c i e n t i s t s  ( J .  P a y n e ,  J .
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C l a y t o n , a n d  D . McNabb)  a n d  t h e  N O A A  s k i p p e r  of  Launch 1273 (L t .  Cmdr. P a t

H a r m a n )  f r o m  1 2 - 1 5  A p r i l  1 9 8 9 . LocaCions  s e l e c t e d  f o r  c o l l e c t i o n s  o f  s a m p l e s

w e r e  b a s e d  p r i m a r i l y  o n  precruise  o v e r f l i g h t  s u r v e y s  a n d  r e a l - t i m e  i n f o r m a t i o n

f r o m  N O A A  HAZMAT suppor t  personne l  in

Pr ince  Wi l l iam Sound area.

Three types o f  f ie ld  samples  were

Valdez  r e g a r d i n g  l o c a t i o n s  o f  o i l  i n  t h e

c o l l e c t e d  f o r  a n a l y s e s  o f  oil  d u r i n g  t h e

c r u i s e : 1 )  b u l k  oil  s a m p l e s ,  2 )  w a t e r  c o l u m n  s a m p l e s ,  a n d  3 )  surficial

f l o c c u l e n t  l a y e r of sediment samples in  shal low,  nearshore  areas. Bulk oil

samples were collected from both surface slicks on the water as well as exposed

i n t e r t i d a l  b e a c h  a r e a s . Samples of oil  on the water’s surface (i .e. ,  mousse

a n d / o r sheen) were o b t a i n e d

p r e c l e a n e d  g l a s s  c o n t a i n e r s .

c o l l e c t e d i n t o p r e c l e a n e d

teflon-coated  u t e n s i l s . A l l

c o n t a i n e r s  w i t h  a l u m i n u m - f o i l

c o m p o s i t i o n  d e t e r m i n a t i o n s ,  a

methylene  ch lor ide  and ana lyzed

b y “skimming” t h e  o i l  f r o m  t h e  s u r f a c e  into

O i l  s a m p l e s from exposed beach areas were

glass containers w i t h  s t a i n l e s s s t e e l  o r

bulk oil samples were stored in screw-cap glass

c a p  l i n e r s . For  hydrocarbon content  and

known weight of an oil sample was dissolved in

by FID-GC  (see below).

Water column samples w e r e  c o l l e c t e d  w i t h  a  1 O - L  G / O  s a m p l i n g  b o t t l e

( G e n e r a l  Oceanics) attached to a metal hydrowire cable. The sampling bottle

was in i t ia l ly  passed through the  a i r -water  in ter face in  a  c losed conf igurat ion,

opened at depth for sample collection, and closed before retrieval through the

w a t e r ’ s surface. Determinations of salinity in water samples were made with a

Reichert temperature-compensated refractometer, T h e  f i l t r a t i o n  t e c h n i q u e

described in Section 4.2.7 of this report was used onboard the NOM  Launch 1273

to separate whole-water samples into two fractions: 1)  a  “d issolved” f ract ion

and (2) a “suspended par t icu la te m a t e r i a l  (SPM)/dispersed  oil  d r o p l e t ”

f r a c t i o n . Br ie f ly ,  the  procedure  involved in i t ia l  vacuum f i l t ra t ion of  a  known

volume of a water sample through a previously tared (at Kasitsna  Bay) polyester

m e m b r a n e  f i l t e r  ( 0 . 4  pm p o r e  s i z e ) .  T h e  a q u e o u s  f i l t r a t e ,  d e s i g n a t e d  a s  t h e

dissolved f r a c t i o n  o f  t h e  s a m p l e ,  w a s s u b s e q u e n t l y  b a c k - e x t r a c t e d  w i t h

methylene chloride to recover dissolved hydrocarbons. F o l l o w i n g  f i l t r a t i o n  o f

t h e  d i s s o i v e d  f r a c t i o n , t h e  f i l t e r  w a s  i m m e d i a t e l y  s u b j e c t e d  t o  a d d i t i o n a l

v a c u u m  f i l t r a t i o n  w i t h 1) d ist i l led  water  ( to  remove residual  sea sal ts ) ,  2 )

methano l , a n d  3 )  methylene  c h l o r i d e . The methano l  and methylene  ch lor ide
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f i l t r a t e s  w e r e c o m b i n e d  t o  f o r m  t h e  SPM/dispersed  oil  f rac t ion  o f  the  sample ,

w h i c h  w a s subsequent ly ana lyzed fo r  SPM/d ispersed hydrocarbons by  FID-GC  (on

r e t u r n  t o Kasitsna  B a y  f o l l o w i n g  t h e  c r u i s e ) . T h e  s o l v e n t - r i n s e d  p o l y e s t e r

f i l t e r  w a s subsequent ly m a i n t a i n e d  i n  a  d e s i c c a t o r  u n t i l  a  f i n a l  gravimetric

w e i g h t measurement c o u l d  b e  m a d e a t  Kasitsna Bay t o  d e t e r m i n e  t h e  t o t a l

p a r t i c u l a t e  l o a d  i n  t h e  i n i t i a l  w h o l e - w a t e r  s a m p l e .

S a m p l e s  o f  surficial  f loccu lent  layers  o f  sed iment  f rom sha l low,  nearshore

areas were c o l l e c t e d  b y l o w e r i n g  p r e c l e a n e d  teflon  t u b i n g  t o  n e a r  t h e

s e d i m e n t - w a t e r  i n t e r f a c e . Vacuum suct ion  was app l ied  to  the  tub ing to  re t r ieve

fine-grained  p a r t i c u l a t e mater ia l  f rom the sed iment  sur face in to  a  prec leaned

5 - g a l  g l a s s  carboy. T h e  p u m p  u s e d t o  g e n e r a t e  s u c t i o n  f o r  t h e  s a m p l i n g

apparatus w a s  l o c a t e d  d o w n s t r e a m  o f t h e  carboy. F o l l o w i n g  c o l l e c t i o n ,  a

subsample  o f t h e s u r f a c e sediment sample was processed wi th  the  po lyes ter

f i l t r a t i o n  t e c h n i q u e  d e s c r i b e d  a b o v e to obtain an SPM/dispersed  h y d r o c a r b o n

f r a c t i o n  a s  w e l l  a s  t h e  t o t a l  p a r t i c u l a t e  l o a d  e x t r a c t e d  f o r  t h e  s a m p l e .

T h e  f o l l o w i n g  t h e o l o g i c a l  p r o p e r t i e s  w e r e  d e t e r m i n e d  f o r  b u l k  o i l  s a m p l e s

c o l l e c t e d  d u r i n g t h e  c r u i s e : 1 )  k i n e m a t i c  v i s c o s i t y , 2 )  o i l / w a t e r  a n d  o i l / a i r

i n t e r r a c i a l  s u r f a c e  t e n s i o n , 3 )  d e n s i t y , and 4) w a t e r  c o n t e n t . v i s c o s i t y

measurements were p e r f o r m e d  a t 38”C (IOO”F)  w i t h  a  F i s h e r  S c i e n t i f i c

Viscometer, No. A97. Interracial surface tension measurements were determined

w i t h  a  S u r f a c e  T e n s i o m a t , M o d e l  2 1  ( F i s h e r  S c i e n t i f i c  C o . ) . Density was

d e t e r m i n e d  b y  m e a s u r i n g  t h e  w e i g h t  o f  a  known volume  o f  a n  oil Smple

( m e a s u r e m e n t s  b e i n g  m a d e  a t  o i l  t e m p e r a t u r e s  o f  7°-180C).  D e t e r m i n a t i o n s  o f

w a t e r content in oil samples of unweathered Prudhoe Bay crude and EXXON VALDEZ

cargo c rude were  made by  Kar l  F isher  t i t ra t ion . A z e o t r o p i c  d i s t i l l a t i o n s  ( A S T M

Method D-95) were used for water content measurements in all  f ield samples of

o i l c o l l e c t e d  d u r i n g t h e  c r u i s e  b e c a u s e  o f the high water content in the

samples.

Hydrocarbon content and composi t ion in  sample  extracts  ( i .e . ,  d issolved

and SPM/dispersed f ract ions of water and surface sediment samples as well as

b u l k  o i l samples) were determined by f l a m e - i o n i z a t i o n - d e t e c t o r  g a s

chromatography (FID-GC). All GC analyses were performed on a Hewlett-Packard

5840A gas chromatography l o c a t e d  a t t h e  U n i v e r s i t y o f  A l a s k a / N O A A  f i e l d



laboratory at Kasitsna  Bay, AK. Quantities of paraffinic  hydrocarbon compounds

i n sample e x t r a c t s were  determined by  compar ison to  a  s tandard  so lut ion

conta in ing n-alkanes w i t h even- and odd-numbers of carbon atoms from n-C
12

t h r o u g h  n-C15  p lus the isoprenoid compounds pristane  and phytane. Polynuclear

aromatic hy~~ocarbons (PAHs) w e r e  d e t e r m i n e d  b y

s o l u t i o n conta in ing  2 - r ing  through 5 - r ing  aromat ic

to benzo[ghl]perylene.

3.0 RESULTS

3.1 SAMPLING LOCATIONS AND CRUISE OBSERVATIONS

compar ison to  a  s tandard

compounds from naphthalene

S a m p l i n g  e f f o r t s  w e r e c e n t e r e d  i n  t h e  w e s t e r n  p o r t i o n  o f  P r i n c e  W i l l i a m

S o u n d  f o r  p u r p o s e s o f  d i r e c t i n g  s t u d i e s  t o w a r d  a r e a s  t h a t  w e r e  m o s t  h e a v i l y

i m p a c t e d  b y  o i l r e l e a s e d  f r o m  t h e  E X X O N  VALDEZ. S e l e c t i o n s  o f  s p e c i f i c

s a m p l i n g  s i t e s

o f  o i l t h a t

p r i o r  t o  a n d

p o t e n t i a l  S P M

w e r e  b a s e d  i n  l a r g e  p a r t  o n  r e l i a b l e  i n f o r m a t i o n  a b o u t  l o c a t i o n s

were suppl ied by NOAA HAZMAT team overf l ights and observat ions

d u r i n g t h e  c r u i s e . I n  a d d i t i o n ,  a r e a s  w e r e  s e l e c t e d  w h e r e

l o a d s  i n  t h e  w a t e r  c o l u m n  m i g h t  b e  s l i g h t l y  e l e v a t e d  ( e . g . ,  n e a r

g l a c i a l  s o u r c e s and shallow bays fed by freshwater streams) compared to the

extremely clean and deeper open waters in  Pr ince  Wi l l iam Sound. The actual

sampling l o c a t i o n s  ( s h o w n  i n  F i g u r e B-1)  w e r e  concentrated in  5  areas:  1)

H e r r i n g  B a y  o n  t h e  w e s t  s i d e  o f  K n i g h t  I s l a n d , 2) Northwest Bay on Eleanor

I s l a n d , 3) the open-water passage between Naked and Eleanor Islands, 4) near

t h e  f a c e of the Nell ie Juan Glacier in Port Nell ie Juan, and 5) near the face

of the Columbia Glacier in Columbia Bay. A summary of the sampling locations,

times and types of samples collected in Prince Will iam Sound is presented in

T a b l e  B - 1 . As indicated, three types of samples were collected: 1) bulk oil

s a m p l e s  ( d e s i g n a t e d  b y  t h e  l e t t e r  “ M ” ) from either the water’s surface or

exposed beach faces; 2) water column samples that were separated into dissolved

(,t~,l) a n d  s u s p e n d e d  p a r t i c u l a t e / d i s p e r s e d  o i l (,lDp!i) f r a c t i o n s ;  a n d  3 )

surficial  f l o c c u l e n t  l a y e r of  sediment  samples  (“N”)  in  shal low,  nearshore

areas. In addition to the samples collected in Prince Will iam Sound, a surface

o i l sample” was obtained by the fishing vessel MAD VIKING on 19 April 1989 from

water a p p r o x i m a t e l y  o n e  m i l e off Point Adam on the west end of the Kenai

Peninsula.
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Table B-1

Locatiom and Types of Samples Collected During the EXXON VALDEZ Oil Spill Study

CQ
en
Gf3

sample code and type sampling
oil water sed depth (m) location date time general comments

DPA-5 1 face of Nellie Juan Glacier 13-Apr-89 9:00
N-4 5 face of Nellie Juan Glacier 13-Apr-89 9:30 surface flocculent iayer/sediment  sample

M-1 o Herring Bay, Knight Is. 13-Apr-89 13:25 mousse sample from surface of water
M-2 o Herring Bay, Knight Is. 13-Apr-89 13:30 mousse sample from surface of water
M-3 o Herring Bay, Knight 1s. 13-Apr-89 1400 sheen sample from surface of water

DPA-6 1 Cluster Fox Cove, Herring Bay 13-Apr-89 17:30 near FW runoffi oiled adjacent beach
N-7 3 Cluster Fox Cove, Herring Bay 13-Apr-89 18:00 surface flocculent layer/sediment sample

M-8 Cluster Fox Cove, Herring Bay 13-Apr-89 19:00 bulk oil from beach
M-9 o Sta. A, Herring Bay, Knight 1s. ! 3-Apr-89 20:40 sheen sample  from water’s surface
M - 1 0 o Sta. B. Herrhm  Bav. Knight  1s. 13-Apr-89 21:]5 waxy oil sample from water’s surface

histht  1s. 14-Am-89 8:30 bulk oil from inside containment boom
------.-— -------  ----

ii-ii
s

0 “Sta. C, EIerrin~ Ba~, K
DPA-12 10 Sta. C, Herring Bay, Kni~ht 1s. 14-A~r-89 9:00 [adjacent to homed oil for M-I  1
DPA-13 1 Sta. C, Herring Bay, Knight 1s. 14-Apr-89 900 lad iacent to boomed oil for h4- 11

M-14 o 1/4 mi. W. of _ __.,  . . . . . . . .
M-15 o Sta. D,  NW Bay, Eleanor  1s. 14-A~r-89

DPA-16 1 Sta. E. NW Bay. 13eanor 1s. 14-Ac

--- _—~------ -—
NW 13av. Eieanor  1s. ! 14-ArM-89  -

.—
11:00 I mousse samcde from water’s surface

) 1300  lmousse sariwde  from water’s surface
>r-R9 1 4“fm I

N-37 2 Sta. E: NW 13a~; Eleanor  1s. 14-A~r-89 ~ 5:00 surface flocculent layer/sediment sample
DF’A-18 B Sta. F, NW Bay, Eleanor Is. 14-Apr-89 15:28

M-19 o Sta. 1?, NW ‘flay, Eleanor  1s. 14-Apr-89 1530 Sh(
N-20 2 Sta. F, NW Bay, Eleanor  k. 14-Apr-89 15:45 surface f&culent layer/sediment sample

DPA-21 1 ~Sta. G, NW Bay, ~~~~n~~ ~s. 14- Am-lN) 17:10

1 I
-— m - - - - — ,  - - - -  ——,

-m
—
—

—----- -. . . . ---- ~--- -
! # N-22 i! 3 KUa. G. NW 13av, Eleanor 1s. 14-Apr-89  1

A-23 1 between Naked  & Eleanor  1s. !i4-Apr-89  1
A-24 30 between Naked & Eleanor  1s. 14-Apr-89  1

0 between Naked & Eleanor 1s. 14-Apr-89  1
DPA-26 1 face of Columbia Glacier 15-Apr-89  1
DPA-27 5 face of Columbia Glacier i5-Apr-89 1

een srmmk from  surface of water

----
7:30 surface flocculent layer/sediment samp~e
$20 beneath oil s!ick calm water  condi t ions

8:30 beneath oil slick: calm water conditions
8:40 Imousse samrde from water’s surface
3:00
3:15 water column suction sample

NOTES
i) DPA in samp~e code denotes separate “particulate/dispersed” (IX) and “dissolved” (A) fractions obtained from whole water sample



The s a m p l e s c o l l e c t e d  f r o m  H e r r i n g  B a y  i n  P r i n c e  W i l l i a m  S o u n d  w e r e

o b t a i n e d  f r o m  a numb e r o f  l o c a t i o n s in  the eastern ,  western ,  and southern

p o r t i o n s  o f  t h e  b a y . S u r f a c e  o i l  ( i . e . , sheen or mousse) was present on the

w a t e r and/o r b e a c h e d  o i l  w a s  p r e s e n t  i n  e x p o s e d  i n t e r t i d a l  a r e a s  a t  a l l

l o c a t i o n s s e l e c t e d  f o r  s a m p l i n g . Water column samples DPA-12 and DPA-13 were

a c t u a l l y co l lec ted  immedia te ly  ad jacent  to  o i l  be ing  he ld  w i th in  a  conta inment

b o o m  a t  S t a t i o n  C  ( i . e . , the head of a cove at the south end of Herr ing Bay).

Clarities  o f  t h e  w a t e r  c o l u m n s  a t  a l l  l o c a t i o n s  w e r e  q u i t e  h i g h ,  r e f l e c t i n g  l o w

SPM loads t h a t  w e r e subsequently measured in the water samples from the bay

( s e e  S e c t i o n  3 . 3  b e l o w ) . Light microscopy was used to examine the surficial

f l o c c u l e n t l a y e r  o f  s e d i m e n t samples col lected from Cluster Fox Cove on the

e a s t s i d e  o f H e r r i n g  B a y  ( i . e . ,  N - 7 ) .  W h i l e  i n  c l o s e  p r o x i m i t y  t o  h e a v i l y— —  — —
oi led in ter t ida l  beach areas and o i l  sheens on the  water ’s  sur face,—  —  —— microscop ic.—
o b s e r v a t i o n s  o f t h i s  s a m p l e  Eave no ind ica t ion  o f  a presence o f  d ispersed o i l—— —— —
d r o p l e t s . I n  f a c t , the  sample  was composed a lmost  exc lus ive ly  o f  o rgan ic

m a t t e r w i t h  l a r g e q u a n t i t i e s o f  v i a b l e  b i o t a  i n c l u d i n g  c e n t r i c  a n d  p e n n a t e

d ia toms, harpacticoid  c o p e p o d s ,  n e m a t o d e s ,  a n d  a  v a r i e t y  o f  s m a l l ,  m o t i l e

f l a g e l l a t e s .

Samples from Northwest  Bay on Eleanor Island were also associated with

areas i m p a c t e d  b y  s p i l l e d  o i l . H e a v i l y oiled beaches were common in the

sampl ing areas, I f  n o t  p r e s e n t  a t the time of specific sampling events,

surface o i l s l i c k s  ( i . e . , sheen or mousse) on the water’s surface had been

p r e s e n t  a t  a l l  s a m p l i n g l o c a t i o n s  w i t h i n  s e v e r a l  h o u r s of actual sample

c o l l e c t i o n s . Clarities  o f  t h e  w a t e r columns at al l  sampling locations in

Northwest Bay were again extremely high, reflecting low 5PM loads in the water

(see Section 3.3 below).

T h e  s a m p l i n g  s t a t i o n s in the passage between Naked and Eleanor Islands

were in open water where the depth of the water column was 260-280 m. Samples

were c o l l e c t e d  i n  s e v e r a l  w i d e  ( i . e . , 100-200 m across) bands of oi l  sheen and

mousse t h a t  p r o v i d e d 100% Coverage o f  t h e  w a t e r ’ s  s u r f a c e  a t  t h e  s a m p l i n g

l o c a t i o n . D e a d  c a l m  c o n d i t i o n s  ( i . e . , l i t t le  o r  no  w ind and wave ac t ion)

p r e v a i l e d  a t  t h e  s i t e  d u r i n g  t h e  p e r i o d  o f  s a m p l i n g .
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In c o n t r a s t  t o  t h e  p r e c e d i n g  s a m p l i n g  a r e a s , sampl ing  locat ions  near  bo th

the Ne l l ie  Juan Glac ier  and the  Co lumbia  Glac ier  were  in  areas  w i th  no  v is ib le

presence of pr ior exposure to oi l  released from the EXXON VALDEZ. Whi le  water

c l a r i t y nea r t h e  N e l l i e  J u a n  G l a c i e r was high, the water column near the

Columbia Glacier did have a “milky “ appearance from a shipboard vantage point.

These observations regarding water clarity were reflected in measured SPM loads

a t  b o t h  s i t e s

3.2 BULK OIL

P h y s i c a l

(see Section 3.3 below).

SAMPLES--PHYSICAL

p r o p e r t i e s  w e r e

( K n i g h t  I s l a n d ) ,  N o r t h w e s t  B a y

PROPERTIES

determined in bulk oil samples from Herring Bay

(Eleanor Island), and Pt. Adam (on the west end

o f the Kenai  Peninsula) as well as unweathered Prudhoe Bay crude and a sample

of the cargo crude carried by the EXXON VALDEZ. Results of measurements are

summarized in Table B-2. It should be emphasized that oil sampled during the

cruise had been undergoing natural weathering in the f ield for almost three

weeks at  the  t ime of  col lect ions. As shown in Table B-2, field samples of oil

d id  exhib i t  substant ia l  d i f ferences when compared to  unweathered crude.  For

exmple,  viscosities in oil  samples from the field had increased from < 30 to ~

450 centipoise (with one mousse sample having a viscosity of 2,700 centipoise),

oil /water interracial surface tensions had decreased from 23.3 to ~ 9 dynes/cm,

densi t ies  had increased f rom 0 .81  to  0 .92-0 .95  g/mL,  and water  contents  had

i n c r e a s e d  f r o m  a p p r o x i m a t e l y  0 . 1 %  t o  3 0 - 7 0 % . Previous studies documenting

temporal changes in these physical properties of Prudhoe Bay crude oil during

weathering in outdoor, flow-through seawater wavetanks have been performed by

SAIC for NOAA (Payne et al. ,  1984a; Payne and McNabb, 1984) . Results from the

lat ter  s tudies  are  i l lustrated in  F igure  B-2 . Comparison of results from these

p r e v i o u s  s t u d i e s with measurements in the Prince Wil l iam Sound samples ( i .e.  ,

Table B-2) show remarkably good agreement. Consequent ly ,  the  prev ious s tud ies

on weather ing  o f  c rude o i l  in  the  f low- through wavetanks proved to  be ex t remely

a c c u r a t e for  p red ic t ing  phys ica l  p roper t ies  o f  the  o i l  re leased f rom the EXXON

VALDEZ over time.



Table B-2

Physical Properties of 011 Samples Collected During the EXXON VALDEZ 0~1 Spill Study

viscosity surface tension
sample at 38 C (dynes/cm) density water content

ID oil type station ID (centipoise) oil/water oil/air (g/mL) (% by weight)
unweathered PB crude <30 23.3 31.9 0.81 0.0148
EXXON VALDEZ cargo crude NA NA NA NA 0.119

M-1 floating oil mouth of Herring Bay, Knight Is. NA 6.8 36.5 NA 57.8
M-2 floating oil mouth of Herring Bay, Knight Is. NA 5.5 39.9 NA 45.0
M-8 beached oil Cluster Fox Cove, Herring Bay 750 4.5 34.9 0.92 30.9
M-II floating oil Sta. C, Herring Bay, Knight Is. 2700 5.5 35.0 0.92 45.4
M-14 floating oil I/4 mi. W. of NW Bay, Eleanor 1s. 900 4.3 36.4 0.93 52.9
M-15 floating oil Sta. D, NW Bay, Eleanor 1s. 450 4.1 37.9 0.94 53.6

floating oil Pt. Adam, Kenai Peninsula 850 9.0 39.7 0.95 69.4

NOTES
1) NA indicates not analyzed



Figure B-2. Changes in Various Physical Properties of Prudhoe Bay Crude 0i1 as a Function of
Weathering lime.
Weathering of the crude is marked by increases in density, water content and viscosity and a
decrease in oil/water interracial surface tension. The figure is taken from Payne and McNabb

.
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3.3 WATER COLUMN AND SURFICIAL FLOCCULENT LAYER OF SEDIMENT

SAMPLES --- PARTICULATE CONCENTRATIONS AND SALINITY MEASUREMENTS

C o n c e n t r a t i o n s  o f  p a r t i c l e  l o a d s  a n d  s a l i n i t i e s  w e r e  d e t e r m i n e d  i n  w a t e r  c o l u m n

and s u r f a c e sediment samples c o l l e c t e d  f r o m  H e r r i n g  B a y  ( K n i g h t  I s l a n d ) ,

Northwest B a y  ( E l e a n o r  I s l a n d ) , n e a r  t h e  f a c e  o f  t h e  N e l l i e  J u a n  G l a c i e r ,  a n d

n e a r the face of t h e  C o l u m b i a  G l a c i e r . R e s u l t s  o f  t h e  m e a s u r e m e n t s  a r e

p r e s e n t e d i n  T a b l e  B - 3 . SPM concentrat ions were  extremely  low in  a l l  water

column samples, w i t h  l o a d s  g e n e r a l l y  b e i n g  <  1  m g  d r y  w e i g h t / L .  E v e n  t h e

“ m i l k y ”  w a t e r near  the  face  of  the  Columbia  Glac ier  had SPM concentrat ions of

o n l y  4 . 3 - 4 . 6  m g / L . T h e  h i g h e r  p a r t i c l e  c o n c e n t r a t i o n s  m e a s u r e d  i n  t h e

s u r f i c i a l f l o c c u l e n t l a y e r o f  s e d i m e n t samples r e f l e c t  r e c o v e r i e s  o f

f i n e - g r a i n e d s e d i m e n t  p a r t i c l e s  f r o m  s e d i m e n t - w a t e r  i n t e r f a c e s .S a l i n i t i e s  i n

w a t e r samples w e r e  g e n e r a l l y  b e t w e e n  2 7  a n d  2 9  p p t ,  e x c e p t  f o r  s a m p l e  D P. 6

( s a l i n i t y  -  2 2  p p t )  t h a t  w a s  c o l l e c t e d  i n  t h e  v i c i n i t y  o f  t h r e e  s m a l l

f r e s h w a t e r  s t r e a m s d i s c h a r g i n g i n t o  C l u s t e r  F o x  C o v e  o n  t h e  e a s t  s i d e  o f

Her r ing  Bay.

3.4 HYDROCARBON CONTENT AND CHARACTERIZATION IN SAMPLES

FID-GC analyses were per formed f o r hydrocarbon c o n t e n t and

c h a r a c t e r i z a t i o n i n  b u l k  o i l  s a m p l e s , d isso lved and SPM/d ispersed f rac t ions  o f

water column samples, and SPM/d ispersed f rac t ions  o f  sur face sed iment  samples .

T o  e v a l u a t e changes i n  c h e m i c a l  c o m p o s i t i o n  d u e  t o  n a t u r a l  w e a t h e r i n g

processes f o l l o w i n g  r e l e a s e  o f the  o i l  f rom the  EXXON VALDEZ,  the  re la t i ve

compos i t ions o f  p a r a f f i n i c hydrocarbons i n  o i l  s a m p l e s  c o l l e c t e d  d u r i n g  t h e

c r u i s e were c o m p a r e d  w i t h  t h a t  o f  u n w e a t h e r e d  P r u d h o e  B a y  c r u d e . F o r  t h i s

p u r p o s e ,  m a s s

p r i s t a n e  a n d

a r e  p r e s e n t e d

N o r t h w e s t  B a y

i s s h o w n  i n

r a t i o s  o f i n d i v i d u a l  n - a l k a n e s  b e t w e e n  n - C
12

a n d  n - C 32 ( p l u s

p h y t a n e )  w e r e  c a l c u l a t e d  r e l a t i v e  t o  n - C 1 8.P l o t s  o f  t h e  r a t i o s

i n  F i g u r e  B - 3  f o r  o i l  s a m p l e s f rom Herr ing Bay (M-3)  and

(M-15) as well  as unweathered Prudhoe Bay crude. Good agreement

a l l  t h r e e  s a m p l e s  f o r  p a r a f f i n s  w i t h  m o l e c u l a r  w e i g h t s  >  n - C
17 “

However, d r a m a t i c  d e c l i n e s  i n  t h e  r a t i o s  f o r  p a r a f f i n s  <  n - C 16 a r e  o b s e r v e d  i n

t h e samples col lected f rom the  f ie ld ,  whi le  no such decl ine  is  observed in  the

u n w e a t h e r e d  c r u d e . Almost i d e n t i c a l  c h a n g e s  i n  t h e  c o m p o s i t i o n  o f  c r u d e  o i l
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Table B-3

Particulate Load and Salinity iLI Water Samples
from EXXON VALDEZ OiI spill Study

sample sampling particulate load water salinity
I D station ID depth (m) (mg drywt/L) (PPt)

i

WATER COLUMN SAMPLES:
t

DP-5 face of Nellie Juan Glacier 1 1.18 NA
DP-6 Cluster Fox Cove, Herring Bay 1 0.86 22

DP-12 I Sta. C. Herrhw Bay, Knight Is. 10 0.65 2a
Bay, Knight Is. 1 036 2a

1 2.22 29
I 1 (1.43 I NA I.—. . . . . I m ---- I I
I 1 O.(M I NA I. ——J , —.- —--  .-. ---- 1

2olumb]a  Glacier i 4.57 ’27
ur-~  I I me m Columbla  Glacier 5 4.32 NA

i

SURFACE FLOCCULENT LAYER/SEDIMENT SAMPLES: I
N-4 I face of Nellie Juan Glacier I 5 I 89,2 NA I
N-7 Cluster Fox Cove, Herring Bay 3 95.4 27

N-17 Sta. E, NW Bay, Eleanor Is. 2 1103 NA
N-20 Sta. F, NW Bay, Eleanor 1s. 2 70.6 NA
N-22 Sta. G. NW Bav. Eleanor 1s. 3 63.2 NA

NOTES:
1) NA indicates not analyzed
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d u r i n g c o m p a r a b l e  p e r i o d s of  natura l  weather ing ( i .e .  ,  2 -3  weeks)  have been

d o c u m e n t e d  i n  p r e v i o u s  f l o w - t h r o u g h  s e a w a t e r  w a v e t a n k  s t u d i e s  ( P a y n e  e t  a l . ,

1984a; Payne a n d  McNabb, 1984) . T h e r e f o r e , as with measurements for the

p h y s i c a l  p r o p e r t i e s , prev ious  SAIC s tud ies  on the  weather ing  o f  c rude o i l  aga in

proved to  be ex t remely  accura te  fo r  p red ic t ing  the  weathered compos i t ion  o f  o i l

released from the EXXON VALDEZ over time.

A n a l y s e s  b y  FID-GC  were a lso  per formed on the  d isso lved f rac t ions  o f  water

column samples c o l l e c t e d  d u r i n g  t h e  c r u i s e , While no aliphatic  hydrocarbons

w e r e  d e t e c t e d  i n  t h e  d i s s o l v e d  f r a c t i o n s  o f  a n y  s a m p l e s ,  s e v e r a l  polynuclear

aromat ic  hydrocarbons were  detec ted a t  a  number  o f  sampl ing  locat ions . R e s u l t s

o f  the  PAH measurements  are  summar ized in  Tab le  B-4 . PAH compounds detected

i n c l u d e d  naphthalene, one a n d  t w o  m e t h y l - s u b s t i t u t e d  naphthalenes,  biphenyl,

a n d  fluorene. W h i l e  l e v e l s  o f  t h e s e  c o m p o u n d s  w e r e  r e l a t i v e l y  low  in all

samples, detect ion of one or more of the compounds in samples from Herr ing Bay,

N o r t h w e s t  B a y , and the passage between Naked and E leanor  Is lands presumably

r e f l e c t  d i s s o l u t i o n  f r o m  s u r f a c e o i l  s l i c k s  p r e s e n t  a t  t h e s e  l o c a t i o n s .  I t

s h o u l d  b e  e m p h a s i z e d t h a t  b o t h  t h e  t y p e s  a n d  c o n c e n t r a t i o n s  o f  t h e  d i s s o l v e d

a r o m a t i c s measured in the water column samples from Prince William  Sound are

r e m a r k a b l y s i m i l a r  t o  r e s u l t s  o b t a i n e d  i n  t h e  f l o w - t h r o u g h  s e a w a t e r  w a v e t a n k s

d i s c u s s e d  i n  P a y n e  e t  a l . (1984a) and Payne and McNabb (1984) .  Consequent ly ,

p r e v i o u s s t u d i e s  p e r f o r m e d b y  S A I C  f o r  N O A A  a l s o  p r o v e d  v e r y  a c c u r a t e  f o r

p r e d i c t i n g  a s p e c t s  o f  t h e  c h e m i c a l  c o m p o s i t i o n  o f  t h e  w a t e r  c o l u m n  b e n e a t h  o i l

r e l e a s e d  f r o m  t h e  E X X O N  VALDEZ a f t e r  2 - 3  w e e k s  o f  n a t u r a l  w e a t h e r i n g  i n  t h e

f i e l d .

The presence o f  p a r t - p e r - t r i l l i o n - l e v e l  a r o m a t i c s  i n  d i s s o l v e d  f r a c t i o n s

o f  w a t e r column samples f r o m  n e a r  t h e face of  the  Columbia  Glacier  was

u n a n t i c i p a t e d  a n d  r e m a i n s unclear . No visible evidence of a presence of oil

was apparent at this location during sampling. Sample contamination appears to

b e  t h e  m o s t  l i k e l y  e x p l a n a t i o n ;  h o w e v e r , water column samples obtained with

e n t i r e l y d i f f e r e n t sampling techniques and devices ( i .e . ,  the  G/O sampl ing

b o t t l e  a n d  t h e teflon  t u b e / s u c t i o n sampling device; samples A-26 and A-27,

r e s p e c t i v e l y ) b o t h  s h o w  a  s i m i l a r  p r e s e n c e  o f  a r o m a t i c s . An addit ional

complicating factor which makes sample contamination diff icult  to understand is

that the dissolved hydrocarbons were higher in the Columbia Bay water samples
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Table B-4

PAH Compounds in “Dissolved” Fractions of Whole Water Samples from EXXON VALDEZ  Oil Spill Study

sample. sampling ~AI-1 concentration (ug/L)
ID station ID depth (m) naph 2-Ik4eNa I 1 -lvleNa biphenyl 2,6-DiIvfeNa fluorene

A-5 face of Nellie Juan Glacier 1 0.000 0.000 0.000 0.000 0.000 0.000
A-6 Cluster Fox Cove, Herring Bay 1 0.095 0.166 0.158 0.065 0.000 0.000

A-12 Sta. C, Herring Bay, Knight 1s. io 0.169 0.184 0.188 0.000 0.000 0.000
A-13 Sta. C, Herring Bay, Knight is. 1 0.068 0.098 0.108 0.000 0.000 0.000
A-16 Sta. E, NW Bay, Eleanor 1s. i 0.234 0.575 0.547 0.155 o.! 54 0.066
A-18 Sta. F, NW Bay, Eleanor 1s. 1 0.192 0.207 0.21 ! 0.000 0.000 0.000
A-21 Sta. G, NW Bay, Eleanor Is. 1 0.313 0.334 0.349 0.000 0.000 0.000
A-23 between Naked and Eleanor Is. 1 0.092 0.156 0.157 0.000 0.000 0.000
A-24 between Naked and Eleanor Is. 30 0.047 0.067 0.086 0.000 0.000 0.000
A-26 face of Columbia Glacier B 0.135 0.165 0.155 0.096 0.000 0.000
A-27 face of Columbia Glacier 5 0.s07 0.112 0.102 0.000 0.000 0.000



(A-26, A-27)  compared t o  t h e  o p e n - w a t e r samples between Naked and Eleanor

I s l a n d s  ( A - 2 3 ,  A - 2 4 ) ,  e v e n  t h o u g h the latter samples were taken before the

Columbia Bay Station. Shipboard contamination of the samples appears unlikely

as an explanat ion because a subsequent  method b lank processed wi th  the

shipboard solvents used for these samples showed no evidence of aromatics,

As f o r  t h e  SPM/dispersed  f r a c t i o n s  o f  w a t e r  c o l u m n  a n d  surficial

f l o c c u l e n t l aye r o f  sed imen t samples co l l ec ted  i n  P r i nce  W i l l i am  Sound ,

pa ra f f i n i c  hyd roca rbons were  de tec ted  a t  a l l  l oca t i ons .  Concen t ra t i ons  o f

n-alkanes > n-C12  ( and pristane and phytane)  are summarized in Table B-5. At

the f inal volumes of sample extracts used for the FID-GC analyses, no aromatic

hydrocarbons and no paraff ins > n-C21 were detected in any samples, I t  should

be noted from the values in Table B-5, however, that the concentrations of the

d e t e c t e d  p a r a f f i n s  w e r e  q u i t e  l o w  ( i . e . ,  < 0.4  pg/L  ). These low concentra-

t ions presumably  re f lec t  the lack o f  d i rec t  t ranspor t  o f  d ispersed o i l  d rop le ts

as oil/SPM  agg lomera tes  t o the sediments as a result of the  ex t remely  low

levels of SPM recovered in all of the water samples.

4.0 DISCUSS1ON

The physical properties summarized for oil  samples in Table B-2 have very

i m p o r t a n t  i m p l i c a t i o n s f o r  t h e  b e h a v i o r  o f  t h e  o i l  r e l e a s e d  f r o m  t h e  DXON

VALDEZ . For  example , densi t ies  of  a l l  o i l  samples col lected f rom the f ie ld

w e r e  ~ 0 , 9 5  g / m L . Even fol lowing removal of al l  l ight-end compounds from

Prudhoe Bay crude o i l  by  d is t i l la t ion  dur ing re f in ing operat ions,  the  densi ty

of the nondistillable  res iduum for  the  o i l  is  s t i l l  on ly  0 .99  g/mL ( C o l e m a n  e t

a l . , 1978) , In  contrast , the density of seawater is approximately 1.024 g/mL.

T h e r e f o r e , oi l  released from the EXXON VALDEZ would not be expected to sink by

i t s e l f  e v e n  f o l l o w i n g  e x t e n s i v e  w e a t h e r i n g .

While not being directly subject to sinking, the fresh crude released from

the EXXON VALDEZ could be dispersed/driven into the water column by turbulence

from wave and/or wind action. However, dispersed oil  droplets greater than a

g i v e n  s i z e  ( e . g . , > 50 Am in  d i a m e t e r )  w o u l d  q u i c k l y  r e t u r n  t o  t h e  w a t e r ’ s

s u r f a c e  i n t h e  a b s e n c e  o f cont inued turbulence. Extremely low levels of

natural turbulence due to wind and wave action were encountered at essential ly
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Paraffinic

sample
I D Istation ID

Hydrocarbons in”SPM/Dispersed”

I I
samp
depth

Table B-5

Fractions of Water Sampks  from EXXON VALDEZOil  Spill Study

n-alkane/isoprenoid  concentration
I

(ug/L)
(m) nC- 12 nC- 13 nC- 14 nC- 15 nC- 16 nC- 17 pristane nC- 18 phytane nC- 19 nC-20 nC-21

# ❑ 1 I I I I I I i t I I
WATER COLUMN SAM~~ES

SURFACE FLOCCULENT LAYER/SEDIMENT SAMPLES
1 1 I

N-7 Cluster Fox Cove, Herring Bay 3 0.26 0.78 0.64 1.39 1.53 1.71 1.10 1.20 0.46 1.16 1.01 1.54
N-17 Sta. E, NW Bay, Eleanor 1s. 2 1.03 1.90 1.47 2.15 2.68 2.90 1.83 1.96 1.03 1.59 1.44 1.44
N-20 Sta. F, NW Bay, Eleanor Is. 2 1.40 2.28 1.70 2.11 2.23 2.07 1.01 0.91 0.43 0.00 0.00 0.00
N-22 Sta. G, NW Bay, Eleanor Is. 3 0.58 1.01 0.82 1.08 1.20 1.32 1.98 0.96 1.02 0.87 0.00 1.09



all sampl ing  loca t ions  dur ing  the  Pr ince Wi l l iam Sound s tudy  on the  NOAA Launch

1273. Consequent ly , low leve ls  o f  d ispersed o i l  wou ld  be expected. In  f a c t ,

o n l y v e r y  l o w  l e v e l s  o f  h y d r o c a r b o n s  w e r e d e t e c t e d  i n  t h e  SPM/dispersed

f r a c t i o n s  o f  t h e  w a t e r  c o l u m n samples, even in  the  immedia te  prox imi ty  o f

s u r f a c e o i l  s l i c k s  ( e . g . , s a m p l e s  DP-12  and DP-13  tha t  were  co l lec ted ad jacent

t o  o i l  h e l d  b y  a  c o n t a i n m e n t  b o o m  i n  H e r r i n g  B a y ) .  A s  a  f u r t h e r  p o i n t  r e l a t i n g

t o  t h e  p o t e n t i a l  f o r  d i s p e r s i o n  o f  o i l  i n t o  w a t e r  c o l u m n s ,  t h e  v i s c o s i t y  o f  t h e

o i l  f rom the  EXXON VALDEZ d id  increase dur ing  natura l  weather ing  processes in

t h e  P r i n c e  W i l l i a m  S o u n d  a r e a  ( e . g . ,  T a b l e  B - 2 ) .  W i t h  i n c r e a s i n g  v i s c o s i t y ,

s i z e s o f  o i l  d r o p l e t s d i s p e r s e d  i n t o  a  w a t e r  c o l u m n  b y  a  g i v e n  a m o u n t  o f

t u r b u l e n c e would be expected to b e c o m e  l a r g e r , further enhancing the tendency

f o r  t h e  d r o p l e t s of  d ispersed o i l  to  re turn  rap id ly  to  t h e  w a t e r ’ s  s u r f a c e .

This would also favor low levels of dispersed oil  in water columns.

Based on preceding considerat ions o f  d e n s i t i e s  a n d  v i s c o s i t i e s  o f  o i l

derived from the EXXON VALDEZ, incorporation of  oil into the water column would

m o s t  l i k e l y  r e q u i r e  e i t h e r  1 )  d i r e c t  i n t e r a c t i o n s  w i t h  SPM loads in  the  water

o r  2 )  r e s u s p e n s i o n of  o i led  sediment /par t ic le  substrates  f rom oi led  beaches

( e . g . ,  b y  s t o r m  e v e n t s ) . In either of the latter circumstances, oil  would  be

subject to transport and eventual deposit ion in  offshore benthic  e n v i r o n m e n t s

d u e  t o s ink ing of oi.led/SPM  a g g l o m e r a t e s . Est imates of  the  potent ia l  for

t ranspor t of oil to benthic  env i ronments  due to  s ink ing of  oiled/SPM  part ic les

have been made by Boehm (1987). For example, massive transport and deposition

o f  o i l  c o u l d  o c c u r  at SPM c o n c e n t r a t i o n s  >  1 0 0  m g / L .  A t  SPM l o a d s  o f  1 0 - 1 0 0

mg/L, c o n s i d e r a b l e  oil/SPM  i n t e r a c t i o n s could  s t i l l  occur  (accompanied by

t ranspor t and deposi t ion)  in  the  presence of  suf f ic ient  turbulent  mix ing.  In

c o n t r a s t , no appreciable interaction and transport of oi l  to the seabed would

be expected at SPM concentrations < 10 mg dry weight/L. As noted in Table B-3,

SPM concentrations in the Prince Will iam Sound areas sampled for this study

were always < 5 mg dry weight/L. Extremely  ca lm water  condi t ions ( i .e . ,  low

levels  of  turbulence)  were  a lso present  a t  the  sampl ing locat ions.  In  l ight  of

t h e s e  l a t t e r  f a c t s , the extremely low levels of oil  measured in both the water

column and the surficial  f locculent layer of sediment samples at locations in

Prince William Sound seem reasonable.
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In  summary , measurements  o f  phys ica l  p roper t ies  and chemica l  compos i t ion

o f  b u l k  o i l  s a m p l e s  a s w e l l  a s c o n c e n t r a t i o n s o f  s p e c i f i c  a r o m a t i c s  i n

d i s s o l v e d  f r a c t i o n s  o f  w a t e r  c o l u m n samples from Prince William Sound s h o w

r e m a r k a b l y  g o o d  a g r e e m e n t w i t h  v a l u e s  o b t a i n e d  f r o m  p r e v i o u s  o i l  w e a t h e r i n g

s t u d i e s per formed by  SAIC for  NOAA (Payne e t  a l . ,  1984a;  Payne and McNabb,

1984) . Such agreement  demonst ra tes  the  va l id i ty  o f  the  preced ing s tud ies  as

a c c u r a t e “ t o o l s ” f o r  p r e d i c t i n g  p r o p e r t i e s a n d  t h e  b e h a v i o r  o f  c r u d e  o i l

r e l e a s e d  i n t o  a r c t i c  a n d  s u b a r c t i c  m a r i n e  w a t e r s . As for oil/SPM  i n t e r a c t i o n s ,

the extremely low levels of SPM encountered in the water columns in the Prince

W i l l i a m  S o u n d  s t u d y  p r e c l u d e d d i r e c t  v a l i d a t i o n  o f  r e s u l t s  f r o m  p r e v i o u s

laboratory  invest igat ions of  o i l  droplet/SPM  interact ions and s ink ing behavior

of oil/SPM  agglomerates.
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